Paleogeography, Diagenesis, and Paleohydrology of a Trinity Cretaceous Carbonate Beach Sequence, Central Texas. by Inden, Richard Francis
Louisiana State University
LSU Digital Commons
LSU Historical Dissertations and Theses Graduate School
1972
Paleogeography, Diagenesis, and Paleohydrology of
a Trinity Cretaceous Carbonate Beach Sequence,
Central Texas.
Richard Francis Inden
Louisiana State University and Agricultural & Mechanical College
Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_disstheses
This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in
LSU Historical Dissertations and Theses by an authorized administrator of LSU Digital Commons. For more information, please contact
gradetd@lsu.edu.
Recommended Citation
Inden, Richard Francis, "Paleogeography, Diagenesis, and Paleohydrology of a Trinity Cretaceous Carbonate Beach Sequence, Central
Texas." (1972). LSU Historical Dissertations and Theses. 2220.
https://digitalcommons.lsu.edu/gradschool_disstheses/2220
INFORMATION TO USERS
Thi dissertation was produced from  a m icrofilm  copy of the original document. 
While the most advanced technological means to photograph and reproduce this 
docum ent have been used, the quality  is heavily dependent upon the quality of 
the original submitted.
The follow ing explanation o f techniques is provided to help you understand 
markings or patterns which may appear on this reproduction.
1. The sign or "target" fo r pages apparently lacking from  the document 
photographed is "Missing Page(s)". If  it was possible to obtain the  
missing page(s) or section, they are spliced into the film  along with  
adjacent pages. This may have necessitated cutting thru an image and 
duplicating adjacent pages to insure you complete continuity.
2. When an image on the film  is obliterated w ith  a large round black 
mark, it is an indication that the photographer suspected that the  
copy may have moved during exposure and thus cause a blurred  
image. You w ill find a good image of the page in the adjacent frame.
3. When a map, drawing or chart, etc., was part of the material being 
photographed  the photographer followed a definite method in 
"sectioning" the material. It  is customary to begin photoing at the 
upper left hand corner of a large sheet and to  continue photoing from  
left to right in equal sections with a small overlap. If  necessary, 
sectioning is continued again -  beginning below the first row and 
continuing on until complete.
4. The majority of users indicate that the textual content is of greatest 
value, however, a somewhat higher quality reproduction could be 
made from  "photographs" if essential to the understanding o f the 
dissertation. Silver prints of "photographs" may be ordered at 
additional charge by writing the Order Department, giving the catalog 
number, title, author and specific pages you wish reproduced.
University Microfilms
300 North Zaeb Road
Aon Arbor, Michigan AS 106
A Xerox Education Company
$: ■ i
7 2 - 2 8  ,3 5 5
INDEN, Richard Francis, 1943-
PALEOGEOGRAPHY, DIAGENESIS, AND PALEOHYDROLOGY 
OF A TRINITY CRETACEOUS CARBONATE BEACH 
SEQUENCE, CENTRAL TEXAS.
The Louisiana State University and Agricultural
and Mechanical College, Ph.D., 1972
Geology
University Microfilms, A XEROXCompany, Ann Arbor, Michigan
©  1972
RICHARD FRANCIS INDEN
ALL RIGHTS RESERVED
THIS DISSERTATION HAS BEEN MICROFILMED EXACTLY AS RECEIVED
PALEOGEOGRAPHY, DIAGENESIS,  AND PALEOHYDROLOGY 
OF A TRINITY CRETACEOUS CARBONATE BEACH SEQUENCE,
CENTRAL TEXAS
A D i s s e r t a t i o n
Submit ted to the Graduate F a c u l t y  of  the  
Loui s i ana  S t a t e  U n i v e r s i t y  and 
A g r i c u l t u r a l  and Mechanical  Co l l ege  
1n p a r t i a l  f u l f i l l m e n t  of  the  
r equ i rement s  f o r  the degree of  
Doctor  of  Phi losophy
1 n
The Department  of  Geology
by
Richard Fr anc i s  Inden
B . S . ,  U n i v e r s i t y  o f  Wisconsi n ,  1965 
M . S . ,  U n i v e r s i t y  o f  I l l i n o i s ,  1968 
May,  1972
PLEASE NOTE:
Some pages may have 
i nd i s t  i ne t  p r i n t .
F i lmed as r e c e i v e d .
U n i v e r s i t y  M i c r o f i l m s ,  A Xerox Educat ion Company
ACKNOWLEDGMENTS
Dr.  C. H. Moore suggested t h i s  prob'em and served as 
my commit tee chai rman t hroughout  I t s  endurance.  I am i n ­
debted to him and t o  Dr.  J e f f r e y  Hanor ,  Dr.  D. R. Lowe,
Dr.  G. F. H a r t ,  Dr .  Bob F. P e r k i n s ,  Dr .  Ray E. F e r r e l l ,  
and Paul L. S t e l nec k  f o r  c r i t i c a l l y  r e v i e wi ng  the manu­
s c r i p t  and making many useful  comments. The aut hor  g r a ­
c i o u s l y  acknowledges the guidance of  Dr .  P. E. S c h i l l i n g ,  
wi t hou t  whom the s t a t i s t i c a l  analyses could not  have been 
done; Mr.  Mac Jervey and A l i c e  Blenvenu a s s i s t e d  1n the 
coding and keypunching of  data f o r  the computer a n a l y s i s .
Thanks a r e  due to Frank Lozo and Fred S t r i c k l i n  of  
Shel l  Oi l  Company f o r  t h e i r  help dur i ng  the e a r l y  stages of  
f i e l d  work.  The Texas Bureau of  Economic Geology al lowed  
the aut hor  to sample two donated She l l  Oi l  cor e s .  Sue 
Mouledoux and Tom LeFebvre aided 1n the p r e p a r a t i o n  of  
sampl es .
G r a t i t u d e s  a l so  go out  to John Robinson,  who did  
much of  the photographi c  work;  C l i f f  Dup l ech l n ,  f o r  d r a f t ­
ing o f  the f i n a l  p l a t e s ;  and Bunny Thlbodaux f o r  t y p i n g .  
Specia l  thanks a r e  due James Kennedy f o r  p r epa r i ng  the  
f i n a l  p l a t e s .
F i n a n c i a l  support  was provided by the Geology De­
par t ment ,  Lou i s i ana  S t a t e  U n i v e r s i t y ,  throughout  the 
a u t h o r ' s  r e s i d e n c y ,  and by a Sigma X1 G r a n t s - 1n-A1d of  
Research Award.
11
TABLE OF CONTENTS
Page
ACKNOWLEDGMENTS ......................................................................................... 1i
LIST OF T A B L E S ......................................................................................... v
LIST OF F I G U R E S .........................................................................................  vi
A B S T R A C T ........................................................................................................... v H I
INTRODUCTION ..............................................................................................  1
Purpose ........................................................................................................ 1
Study A r e a .............................................................................................. 3
Procedures .............................................................................................  3
Regional  Geo l og i ca l  S e t t i n g  ...................................................  5
MIDDLE TRINITY LITHOFACIES ...........................................................  7
S t r a t i g r a p h y  .........................................................................................  7
L l t h o f a d e s  A n a l y s i s .....................................................................  12
Sycamore Conglomerate ................................................................  12
Mi ddle  and Upper Hammett Shale ........................................ 18
Cow Creek Limestone ............................................  . . . . .  24
Hensel  Sandstone ..........................................................................  44
Summary and Pa leogeographlc  Re co ns t r uc t i o n  . . . .  51
CARBONATE DIAGENESIS ..........................................................................  57
G e n e r a l .......................................................................................................  57
S t a t i s t i c a l  An a l y s i s  .....................................................................  59
Hammett Shale D1agenes1s ...........................................................  61
Clay Mi ne r a l o gy ,  D i a g e ne s i s ,  Dol omi te  I n j e c t i o n  . 61
Cow Creek Limestone D1agenes1s ............................................. 71
Gra in  D 1 a g e n e s 1 s ..........................................................................  71
I n t e r g r a n u l a r  D1agenes1s ...................................................  96
"Mar ine"  Fung-Algal  C a l i c h e  .................................................  124
S u m m a r y ..............................................................................................................134
Hammett Shale ....................................................................................  134
Gra in  D 1 a g e n e s 1 s ................................................................................ 135
I n t e r g r a n u l a r  Di agenesi s ............................................................  137
Comparison wi t h  Other  Beaches ............................................. 139
111
Page
GENERAL DIAGENETIC-PALEOHYDROLOGIC CONCEPTUAL MODEL
FOR MIDDLE TRINITY T I M E .............................................................142
General  Pa leohydro l ogy  and D1agenet1c Envi ronments 142
Subsea Di agenesi s  ..........................................................................  143
Subaer i a l  D1agenes1s ................................................................  144
Cow Creek S t r a n d l l n e  Phase ......................................................  147
Post-Cow Creek S t r a n d l l n e  Phase ............................................. 152
CONCLUSIONS AND IMPLICATIONS ......................................................  160
R E F E R E N C E S ......................................................................................................... 168
APPENDIX A. Procedures ....................................................................... 183
APPENDIX B. D i scuss i on  o f  S i g n i f i c a n t  V a r i a t i o n s  1n
the Out c r op and Outcrop by f a c i e s  
I n t e r a c t i o n  Analyses . . . ! ! . . .  190
APPENDIX C. Clay Mi ner a l ogy  of  t he  Hammett Shales
and Carbonates . ! ! 1  ^  ^ 7~. . 202
APPENDIX D, Other  D l a g e n e t i c  Aspects o f  the Cow
Creek Limestone . .  I ! I ! I ! . . 207
D1. E a r l y  L 1 t h 1 f I c a t i o n  of  the Nodules
and Nodular  B e d s ........................................................207
D2. Gra in  Dolom1t1zat1on ( Rj E)  ..........................  213
D3. The I r r e g u l a r ,  Medial  C r y s t a l  Juncture
L i n e ..................................................................................... 217
D4. R e c r y s t a l l i z e d  Cements ....................................  220
D5. E q u i l i b r i u m  C a l c u l a t i o n s  ................................ 223
D6. D l d g s n e t i c  Code from Folk ( 1965 )  . . . 225
APPENDIX E. Measured Sect i ons ...................................................  227
V I T A ........................................................................................................................263
1 v
LIST OF TABLES
Table Pag<2
1. Clay mi ner a l  a n a l y s i s  of  " ma r i ne 1 c a l i c h e  and
Hensel  a l l u v i a l  p l a i n  sediments .............................  49
2.  Summary c h a r t  of  Mi dd le  T r i n i t y  l i t h o f a c l e s  . . 52
3.  D i s t r i b u t i o n  of  g r a i n s  wi th  m i c r l t e  or do l o -
m l c r l t e  envelopes ................................................................  76
4.  D i s t r i b u t i o n  of  m l c r l t l z e d  g r a i ns  ...............................  82
5 .  D i s t r i b u t i o n  of  r e c r y s t a l  1 1ze d- 1 nve r t ed  ( N - j )
gr a i n s  and moldic  c a v i t y  f i l l e d  g r a i ns  . . .  90
6.  M a t r i x  types and d i s t r i b u t i o n  ......................................... 98
7.  Cement d i s t r i b u t i o n s  ............................................................  109
v
48
10
11
13
16
19
25
29
31
36
42
62
65
66
74
LIST OF FIGURES
Study area and l o c a t i o n  of  measured sect i ons
T r i n i t y  d i v i s i o n  nomenclature ..............................
G e n e r a l i z e d  s t r a t l g r a p h l c  column of Middle  
T r i n i t y  (Lower Cr etaceous)  rocks:  Colorado
Ri ve r  area  ..........................................................................
S t r a t l g r a p h l c  c r o s s - s e c t i o n  of  Middle  T r i n i t y  
rock s ,  Colorado R i v e r  area ...................................
G e n e r a l i z e d  paleogeography and c r o s s - s e c t i o n  
showing e n v l r o n m e n t - f a c i e s  r e l a t i o n s h i p s  
dur i ng  Mi ddle  T r i n i t y  t ime ...................................
Photographs:  L l t h o f a c l e s  lb and V ....................
Photographs:  L l t h o f a c l e s  V - V I I  .........................
Photographs:  L l t h o f a c l e s  V I I  ..............................
Photographs:  L l t h o f a c l e s  V I I I  ..............................
Photographs:  L l t h o f a c l e s  V I I I - X  .........................
Photographs:  L l t h o f a c l e s  X and XI  ....................
Photographs:  L l t h o f a c l e s  X I I  and X I I I  . . .
Hammett Shale l i me s t on e  and d o l omi t e  . . . .
Hammett Shale  d o l o m i t e ;  m l c r l t e  envelopes
I n s o l u b l e  r e s i due  c o n t e n t  of  Hammett Shale  
l i mes t one  and do l omi t e  ............................................
M l c r l t e  envelopes and m l c r l t l z e d  g r a i n s  . .
Re c r y s t a l  11 z e d - 1nver t ed  g r a i n s ..............................
Moldlc c a v i t y  f i l l s ,  s o l u t i o n  f e a t u r e s  and 
ma t r i x  types .....................................................................  ,
v 1
F i g u r e  Page
19.  Carbonate cements .................................................................  105
20. Carbonate cements and "mar ine"  f u n g - a l g a l
c a l i c h e .......................................................................................... 114
21.  Diagram showing the r e l a t i o n s  among the met as­
t a b l e  I r o n  hydroxides and s l d e r i t e  a t  25°C
and 1 atmosphere t o t a l  pressure  ......................... 123
22.  P l o t  of  i n s o l u b l e  r e s i d ue  con t e n t  1n "marine"
f u n g - a l g a l  c a l i c h e s  ....................................................... 126
23.  "Mar ine"  f u n g - a l g a l  c a l i c h e  f a b r i c s  .....................  128
24.  Cow Creek s t r a n d l l n e  d l a g e n e t i c  phase . . . .  148
25.  Post-Cow Creek s t r a n d l l n e  d l a g e n e t i c  phase . . 156
v 11
ABSTRACT
The Hammett Sha l e .  Cow Creek Limestone,  and upper -  
most Hensel  Sand (Lower Cr etaceous)  o f  c e n t r a l  Texas r e p r e ­
sent  a t r a n s g r e s s l v e - r e g r e s s 1 v e  d e p o s l t l o n a l  c y c l e .  Ham­
met t  sha le  and carbonates  ( I n s o l u b l e  poor l ime packstone  
and c l a y e y ,  s i l t y  do l omi te  wackestone and mudstone)  were 
depos i t ed  In low energy o f f s h o r e  mar ine l l t h o t o p e s  dur ing  
a decrease 1n the I n f l u x  o f  c l a s t i c  d e t r i t u s .  Landward 
f rom these low energy envi ronments nearshore o y s t e r  beds,  
carbonate  shoa l s ,  l agoon,  and a carbonat e  beach developed  
(Cow Creek L i mes t one ) .  The o y s t e r  beds a r e  repr esent ed  by 
c l a y e y ,  s i l t y  o y s t e r  d o l omi t e  packstone wi t h  l a r g e ,  un­
abraded,  convex-up o y s t e r  v a l v e s .  Shoal  sediments a r e  
composed o f  t h i c k l y  bedded,  sor ted and rounded 11me g r a i n -  
stone and b l o t u r b a t e d  arenaceous Hme packstone.  Ove r l y i ng  
the shoal  u n i t  1s a l agoonal  sequence made up of  sometimes 
d o l o m l t l z e d  f o s s 111f e r o u s , very f 1 n e - f 1 n e  gra i ned qua r t z  
a r e n l t e  w i t h  a carbonat e  mud m a t r i x ,  and arenaceous ( v e r y  
f i n e - f i n e  g r a i n e d )  p e l l e t e d  l i me  packstone;  a r e n l t e  beds 
are t h i n  and I r r e g u l a r  whereas the packstone occurs as 
I r r e g u l a r ,  branching nodules ( c r us t a c e a n  bur r ows) ,  sphe­
r o i d a l  c o n c r e t i o n s ,  or  l e n t i c u l a r .  I r r e g u l a r  beds.  The 
beach I n t e r v a l  c o n s i s t s  of  basal  medium ant  coarse gra i ned  
11me g r a l n s t o n e  and packstone wi th  f es t oon  c r os s - be ds ,  and
v 111
t h i c k  a c c r e t i o n  beds of  medium-very coarse l ime g r a i n s t o n e ;  
s o r t i n g  and rounding of  g r a i n s  becomes p r o g r e s s i v e l y  b e t t e r  
upward from the f es t oon  cr oss- beds  (upper  o f f s h o r e )  i n t o  
a c c r e t i o n  beds (beach f o r e s h o r e ) .
S p o r a d i c a l l y  capping the beach sequence is a nodular  
"marine" c a l i c h e  which,  f o r  the most p a r t ,  is of  fungal  and 
a l g a l  o r i g i n ,  and a t h i n ,  c o a r s e l y  c r y s t a l l i n e  s u p r a t i d a l  
d o l o m i t e .  Ca l 1 ch1 f 1 ca t 1on  took p l ace  contemporaneously  
wi t h  beach p r o g r a d a t i o n  ( c a l i c h e  c l a s t s  a r e  reworked i n t o  
the beach)  and t hus ,  the p r e v i o u s l y  hypot hes i zed  uncon­
f o r m i t y ,  which was thought  to s e p a r a t e  the Cow Creek Lime­
stone from Hensel  Sand,  becomes u n t e n a b l e .  Hensel  Sands 
and red mudstones t h e r e f o r e  r e p r e s e n t  the a l l u v i a l  p l a i n  
e q u i v a l e n t  of  the Cow Creek and Hammett mar ine sequence.
The e n t i r e  s e c t i o n  was d e p o s i t e d  under a r i d  c l i m a t i c  c o n d i ­
t i o n s  as i n d i c a t e d  by s m e c t i t e  and c a l i c h e  nodules 1n Hen­
sel  red mudstones,  and the unweathered n a t u r e  of  potash  
f e l d s p a r s  1n the a l l u v i a l  channel  f i l l s .
A s t a t i s t i c a l  a n a l y s i s  o f  p o i n t  counts on m a t r i x ,  
cement t y p e s ,  and al lochem d l a g e n e t i c  m o d i f i c a t i o n s  r e v e a l s  
t h a t  e a r l y  d l a g e n e t i c  m o d i f i c a t i o n s  1n the mar ine c a r b o ­
nates have d i s t i n c t i v e  v e r t i c a l  d i s t r i b u t i o n s .  Fewer beds 
are d o l o m l t l z e d  above the Hammett Sh a l e ,  1n which onl y  the 
c l a y - r i c h  carbonates  were r e p l a c e d .  Lagoonal  s t r a t a  are  
sometimes d o l o m l t l z e d  but  consist ,  ma i n l y  o f  r e c r y s t a l l i z e d  
p e l l e t e d  l ime packstone nodul es ,  which underwent  e a r l y
1 x
11t h l f l c a t i o n  and r e c r y s t a l  11 zed mud ma t r i x  in the quar t z  
a r e n l t e ;  beach g r a l n s t o ne s  a r e  never d o l o m l t l z e d .
Aragon1t1c b i o c l a s t s  underwent  d i s s o l u t i o n  In the 
beach,  but s t a b i l i z e d  by I n v e r s i o n  1n lower f a c i e s ;  m i c r i -  
t i z e d  o r i g i n a l  c a l c l t l c  b i o c l a s t s ,  on the o t he r  hand,  are  
most abundant  In beach f o r e s h o r e  sediments.  A l s o ,  m l c r l t e  
and d o l o m l c r l t e  g r a i n  envelopes are most p r e v a l e n t  1n the  
beach u n i t .
I r o n - f r e e  c a l d t e  cements,  and the l a r g e s t  cements,  
predominate 1n the beach f o r e s h o r e ;  cements below the beach 
are s m a l l e r ,  l ess abundant ,  and are f e r r o a n - c a 1d t e .
M l c r l t l z e d  and m l c r l t e  enveloped gr a i ns  are the most  
abundant  In the f o r e s h o r e  sequence because of  g r a i n  s t a b i ­
l i z a t i o n  and the presence o f  mud- f r ee  pores,  thus a l l o w i n g  
b a c t e r i a ,  a l g a e ,  and f ung i  to I n f i l t r a t e  the sediment .
The s t r a n d l l n e  me t e o r l c - v a d o s e  zone and the mixed 
zone s e p a r a t i n g  the l o c a l  and r e g i o n a l  me t e o r 1c - p h r e a t 1 c  
wat er  lenses from mar ine I n t e r s t i t i a l  f l u i d s  were the l oc i  
of  most d l a g e n e t i c  a l t e r a t i o n .  C a l i c h e  devel opment ,  e a r l y  
c e me n t a t i o n ,  and g r a i n  l e a c h i n g  were e f f e c t e d  by e q u i l i ­
b r a t i n g  vadose w a t e r s .  Cementat ion was I n h i b i t e d ,  and i n ­
v e r s i o n  was a l l owed to proceed 1n the l oc a l  m l x e d - p h r e a t l c  
zone.  Dolom111z a t 1 on o f  Hammett carbonates  took place in  
r e g i o n a l  m1xed-phreat1c w a t e r s ,  and f i n a l  cementa t ion  by 
I r o n - f r e e  cements occur red 1n o x i d i z e d  p h r e a t l c  or vadose  
zones .
x
INTRODUCTION
Purpose
Dur ing the past  decade carbonate  p e t r o l o g i s t s  and 
pet r ogr apher s  have awakened to the f a c t  t h a t  carbonate  
rocks co n t a i n  i n f o r m a t i o n  which not  only  helps one d e l i n e ­
a t e  carbonate  d e p o s l t l o n a l  env i r onment s ,  but  a l so aids in
i d e n t i f y i n g  s p e c i f i c  d l a g e n e t i c  env i r onment s .  Friedman 
(1964)  made one of  the f i r s t  s i g n i f i c a n t  c o n t r i b u t i o n s  to 
carbonate  p e t r o l o g y ,  and provoked much c ont r ove r sy  in making 
the s t a t ement  t h a t  carbonates only s t a b i l i z e  and become c e ­
mented when exposed to f r e s h  wa t e r s .  Since t h a t  t i me ,  much 
research has been done in d e t a i l i n g  not  only the d i a g e n e t i c  
e f f e c t s  imposed on carbonates In f r e s h  waters  ( B a t h u r s t ,  
1964;  Land,  1966;  Mat thews,  1967,  1968;  Robinson,  1968;
Fo l k ,  1965;  Gavish and Fr iedman,  1 9 6 9 ) ,  but  a lso those 
cement types and g r a i n  m a t r i x  m o d i f i c a t i o n s  which are unique  
to marine and h y p e r s a l i n e  d i a g e n e t i c  water  envi ronments  
( B a t h u r s t ,  1966;  Shinn and o t h e r s ,  1965;  Def f eyes  and
o t h e r s ,  1965;  Shinn,  1969;  Moore,  19 70 ) .
Few s t u d i e s ,  however ,  have r e l a t e d  d l a g e n e t i c  a l t e r a ­
t i o n s  to s p e c i f i c  d e p o s l t l o n a l  envi ronments or to s p e c i f i c  
f r e s h ,  d i a g e n e t i c  wat er  regimes.  C a l c i t e  cements c o n t a i n ­
ing i r o n  seemingly can only be p r e c i p i t a t e d  below the f r esh
1
2water  t a b l e  (Evamy, 1969)  and Runnel ls  ( 1969 )  notes t h a t  
the mi x ing o f  d i a g e n e t i c  waters plays a s i g n i f i c a n t  r o l e  
in the d i a g e n e t i c  h i s t o r y  of  a rock.  Purdy (1968)  in a 
very l u c i d  t r e a t m e n t  of  marine d i a g e n e t i c  m o d i f i c a t i o n ,  
discusses many o f  the env i ronmenta l  c o n t r o l s  which help or  
h i nder  t h e i r  development .  Roehl (1967)  was one of  the  
f i r s t  rese ar cher s  to r e l a t e  d i a g e n e t i c  f a b r i c s  to s p e c i f i c  
d e p o s i t i o n a l  env i r onment s ;  more r e c e n t l y ,  A l l e n  ( 1 9 7 0 ) ,  
Moore and A l l e n  ( 1 9 7 1 ) ,  and Land ( 1970)  have i d e n t i f i e d  
v e r t i c a l  v a r i a t i o n s  1n the types and f r e q u e n c i e s  of  cements 
and g r a i n  m o d i f i c a t i o n s  through Cretaceous and P l e i s t o c e n e  
beaches;  these v a r i a t i o n s  are a p p a r e n t l y  induced by the 
d i f f e r e n t  processes a c t i n g  w i t h i n  d e p o s i t i o n a l  and post  
d e p o s l t l o n a l  env i r onment s .  Thus,  d i a g e n e t i c  changes may be 
p e c u l i a r  to c e r t a i n  d e p o s i t i o n a l  envi ronments ( t h e r e f o r e ,  
they are f a c i e s  s p e c i f i c )  or  h y d r o l o g i c  env i r onment s ,  which 
i n coa s t a l  regi ons are i n t i m a t e l y  r e l a t e d  to the s t r a n d l l n e  
d e p o s i t i o n a l  envi ronment  ( I . e . ,  beach vs.  t i d a l  f l a t )  and 
c l i m a t e .
The purpose o f  t h i s  d i s s e r t a t i o n  is f i r s t ,  to i de n ­
t i f y  the d e p o s i t i o n a l  envi ronments and paleogeography r e p ­
r esented  by the Cow Creek Limestone and Hammett Sha l e ,  and 
second,  but  more I m p o r t a n t ,  to use t h i s  d e p o s i t i o n a l  a n a l y ­
s i s  to r e l a t e  the d l a g e n e t i c  m o d i f i c a t i o n s  of  the Cow Creek 
Limestone and Hammett Shale to the d e p o s l t l o n a l  e n v i r o n ­
ments,  and hydrochemica1 s i t u a t i o n s  to which the sediments
3were su b j e c t e d  soon a f t e r  d e p o s i t i o n .
Study Area
Ei ghteen s t r a t 1 g r a p h i c  s e c t i ons  of  the lower  Hensel  
Sandstone,  Cow Creek L imestone,  Hammett Sha l e ,  and upper ­
most Sycamore Conglomerate (Lower Cr etaceous)  were measured 
and sampled over  a 350 square m i l e  a r e a ,  which inc ludes  
par t s  of  T r a v i s ,  Bu r n e t ,  Hays,  and Blanco Co u nt i e s ,  Texas 
( F i g .  1 ) .  A l l  l o c a t i o n s  descr i bed  are along t r i b u t a r i e s  
of  the Colorado or  Pedernales R i v e r s .  The Hensel  Sand­
stone and Hammett Shale are t y p i c a l l y  slope f o r me r s ,  and 
f r e s h ,  unweathered exposures ar e  r a r e .  The Cow Creek Lime­
s t o n e ,  however ,  1s we l l  exposed 1n a l l  outcrops v i s i t e d ,  
but e x t e n s i v e  r e c e n t  l ea ch i ng  has c r ea t ed  the problem of  
o b t a i n i n g  samples s u i t a b l e  f o r  p e t r o g r a p h i c  a n a l y s i s .  At  
two l o c a l i t i e s ,  numbers 17 and 18 (Cow Creek and Hami l ton  
Pool ,  r e s p e c t i v e l y )  samples and measured sec t i ons  were ob­
t a i n e d  from Shel l  011 Company cores d r i l l e d  a few hundred 
f e e t  back from the o u t c r o ps ;  supplementary samples o f  the 
upper p a r t  of  the Cow Creek Limestone were c o l l e c t e d  from 
the out crop a t  Locat i on  17.
Procedures
The f i e l d  and l a b o r a t o r y  methods employed 1n the  
a n a l y s i s  o f  the Cow Creek Limestone and Hammett Shale are  
in Appendix A. D e t a i l e d  f i e l d  d e s c r i p t i o n s  o f  the
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F i gur e  1. Study Area and Locat i on  of  Measured Se c t i on s .
5s t r a t i  graphic  sequence were made and p o i n t  count ,  I n s o l u b l e  
r e s i d u e ,  and c l a y  mi ner a l  ana lyses were per formed on the 
samples c o l l e c t e d .  The measured s t r a t l g r a p h i c  sect i ons  are  
gi ven i n Appendi x E.
Regional  Geo l og i ca l  S e t t i n g
The study area 1s s i t u a t e d  near  the e a s t e r n  margin 
of  the n o r t h w e s t - s o u t h e a s t  t r e n d i n g  Llano U p l i f t  ( F i g .  1 ) ,  
which along wi th  I t s  southeastward c o n t i n u a t i o n ,  the San 
Marcos Arch (Plummer,  1 9 5 0 ) ,  c o n t r o l l e d  sediment  d i s t r i b u ­
t i o n  in c e n t r a l  Texas t hroughout  the e a r l y  Cretaceous.
In the study a r e a ,  basal  Cretaceous sediments were 
i n i t i a l l y  depos i t e d  upon an i r r e g u l a r ,  eroded substratum 
of  f a u l t e d  and t i l t e d  Car b on i f e r ou s  carbonates  and e l a s t i c s  
( Mar bl e  F a l l s  Limestone and Sml thwick For mat i on)  and Ordo­
v i c i a n  do l omi tes  ( E l l e n b u r g e r  Group) ( S e l l a r d s  and o t h e r s ,  
1966;  Plummer,  1950;  Barnes,  19 5 1 ) .  This s u r f a c e  was de­
pressed to form a s l i g h t  s t r u c t u r a l  embayment on the s o u t h ­
east  f l a n k  of  the Llano U p l i f t ,  i mmedi a t e l y  to the nor th of  
the San Marcos Arch { F1g . 1 ) .  Exposed Pre-cambr1an igneous 
and metamorphic rocks of  the Llano l a y  to the west ,  wh i l e  
the broad marine c o n t i n e n t a l  s h e l f  extended east ward .
Lower Cretaceous c l a s t i c  sequences proximal  to t h e i r  
source area are composed of  t e r r i g e n o u s  d e t r i t u s  d er i v ed  
from rocks exposed 1n the L l a no .  L l t h i c  f ragments of  i g ­
neous and metamorphic r ocks ,  and v i r t u a l l y  a l l  r e s i s t a n t
6Pa l e ozo i c  f o r mat i ons  are r e pr es en t ed  1n the sandstone and 
conglomerate f a c i e s  o f  the Sycamore Conglomerate (Barnes,  
1951;  Damon, 1940)  and Hensel  Sandstone.  Both format ions  
c o n t a i n  abundant  pebbles and cobbles d e r i v e d  from Or d ov i ­
c ian E l l e n b u r g e r  Group d o l o m i t e .
Boone (1968)  r e p o r t s  pebbles and cobbles of  L l ano-  
type l l t h o l o g l e s  1n the Sycamore Conglomerate 75 mi les  to  
the nor th of  the p r e s e n t  study a r e a .  I n d i c a t i n g  t h a t  the 
Llano area  acted as a major  sediment  source dur i ng  Ear l y  
Cretaceous t i me .
C e n t r a l  p o r t i o n s  o f  the Llano U p l i f t  remained p o s i ­
t i v e  and underwent  e r os i on  u n t i l  covered by sediment  onlap  
sometime dur i ng  Glen Rose t ime ( Mu r r a y ,  19 6 1 ) .  A complete  
but  d i m i n u t i v e  sequence of  T r i n i t y  D i v i s i o n  sediments,  
dep os i t e d  over  the San Marcos Arch,  i n d i c a t e s  t h a t  the 
arch was a shoal  to s l i g h t l y  p o s i t i v e  area dur i ng  T r i n i t y  
t ime (Lozo and S t r i c k l i n ,  19 56 ) .
MIDDLE TRINITY LITHOFACIES
S t r a t i  graphy
Complete synopses o f  the e v o l u t i o n  of  Lower C r e t a ­
ceous s t r a t i g r a p h i c  nomenclature are presented in Lozo and 
S t r i c k l i n  ( 1 9 56 )  and Boone ( 1 9 6 8 ) .  Lozo and S t r i c k l i n  
( 1956)  p a r t i t i o n  the Apt i an  and Al b l a n  T r i n i t y  D i v i s i o n  
i n t o  t h r e e  s u b d i v i s i o n s  (F1g.  2 ) .  The lower s u b d i v i s i o n  
i nc l udes  the Sycamore Conglomerate and the S l i go  Limestone,  
the mi dd l e ,  the Hammett Shale and Cow Creek Limestone,  and 
the upper ,  the Hensel  Sand and Glen Rose Limestone.  Thus,  
each is a c y c l i c  u n i t  c o n s i s t i n g  of  a c l a s t i c  I n t e r v a l  a t  
I t s  top;  a n o n - d e p o s l t i o n a l  d i s c o n f o r m i t y  1s i n f e r r e d  to 
mark the top of  each s u b d i v i s i o n .  They t r e a t  these sub­
d i v i s i o n s  as conceptual  " t e c t o n i c - s e d i m e n t a r y  l i t h o g e n e t i c  
e n t i t i e s "  (p .  6 8 ) .  The i n t e r p r e t a t i o n  o f f e r e d  f o r  each 
cy c l e  is t h a t  of  an i n i t i a l  u p l i f t i n g  of  the source a r e a ,  
r e s u l t i n g  in i n c r e a s i n g  e r o s i o n a l  r a t e s  and supply of  d e t ­
r i t u s  to surrounding d e p o s i t i o n a l  a r ea s .  Transgr ess i on  
t akes p l a c e ,  and wi t h  t ime the supply of  t e r r i g e n o u s  mate­
r i a l  wanes; shal low marine carbonat e  d e p o s i t i o n a l  e n v i r o n ­
ments come I n t o  e x i s t e n c e ,  r e g r e s s i o n  occur s ,  and e v e n t u a l l y  
sea bottom i s  conver ted to l and.
S t r i c k l i n  and Smith ( 1968 )  recogni ze  the Cow Creek
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F i g u r e  2 .  T r i n i t y  D i v i s i o n  N o m e n c l a t u r e .
9Limestone as a r e g r e s s i v e  beach sequence.  They subdi v i de  
i t  i n t o  t h r e e  f a c i e s :  1) a basal  l ime mudstone c o n t a i n i n g
whole f o s s i l s ;  2)  an o v e r l y i n g  sandy c a l c a r e n i t e ,  and 
3) an upper coarse g r a i ned  c a l c a r e n i t e - c o q u i n a .  The basal  
and i n t e r m e d i a t e  f a c i e s  were depos i t ed  in g r a d u a l l y  s h o a l ­
ing w a t e r s ,  whereas the coquina u n i t  r epr esent s  a p r o g r a d ­
ing beach d e p o s i t .  Cross-bedding azimuths i n d i c a t e  t h a t  
l ongshore c u r r e n t s  f lowed to the southwest  and wave ap­
proach was from the south.  The beach depos i t s  are " ov er -  
l a i n  d i sconf or mabl y  by the Hensel  Format ion" ( S t r i c k l i n  
and Smi th,  1968 ) .  A more d e t a i l e d  account  of  t h i s  Middle  
T r i n i t y  sequence Is given in S t r i c k l i n  and ot her s  ( 1 9 7 1 ) .
F i gur e  3 i l l u s t r a t e s  the g e n e r a l i z e d  Middle  T r i n i t y  
sequence in the study a r e a .  The Cow Creek Limestone and 
Hammett Shale p r o g r e s s i v e l y  t h i n  nor t h - west ward  onto the 
Llano U p l i f t  (F1g.  4 ) .  Because no e r os i ona l  u nc o n f o r mi t i e s  
were noted 1n the s e c t i o n ,  t h i n n i n g  is  a t t r i b u t e d  to on l ap ,  
o f f l a p ,  and n o n d e p o s i t i o n . As the sequence 1s t r aced  nor th  
westward,  the Hammett Shale d isappears f i r s t ,  and a t  the 
p l n c h o ut ,  the Cow Creek Limestone is a t h i n  o y s t e r  bed 
o v e r l y i n g  a bored,  o y s t e r - e n c r u s t e d  do l omi t e  pebble zone,  
which r epr esent s  the top of  the Sycamore Conglomerate.
The Hensel  Sand 1s a p p r o x i ma t e l y  80 f e e t  t h i c k  near the 
Llano U p l i f t  and t h i n s  south eastward down d e p o s i t i o n a l  
d i p .  In c o n t r a s t  to those o f  the Hammett-Cow Creek sec­
t i o n ,  the component l i t h o l o g i c  u n i t s  of  the Hensel  are
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CONGLOMERATE
l i t h o f a c i e s
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THROUGHOUT. SHARP-GRADATIONAL LOWER CONTACT
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F ig u re  3. G e n e ra l  ized  1 1 r a t  ig rap h j c co lum n o l  M id d le  T r i n i t y
C r t t o c v o u t )  ro c k i;  C o lo r a d o  Ri v e r  a re a .
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Figure 4. St ra t ig raph ic  cross-sect ion of M id d le  T r i n i t y  rocks,Colorado River  area.
1 2
l o s t  not by s t r a t i g r a p h i c  p l n c h o ut ,  but  by complex t h i n n i n g  
and i n t e r f i n g e r i n g  throughout  the study area ( F i g .  4 ) .
L i t h o f a c i e s  A n a l y s i s
The sequence from the uppermost Sycamore Conglomer­
ate  through lowermost  Glen Rose Limestone is here d i v i de d  
i n t o  13 l i t h o f a c i e s .  These u n i t s  are  d e l i n e a t e d  on the 
basis o f  t h e i r  sedimentary  s t r u c t u r e s ,  comp os i t i o n ,  and 
t e x t u r e .  Po i n t  count  data on g r a i n - m a t r l x  types and f r e ­
quencies of  each Cow Creek l i t h o f a c i e s ,  and c l a y  minera l  
and I n s o l u b l e  r e s i due  analyses of  the Hammett Shale are 
given in Appendices B and C, r e s p e c t i v e l y .  The l a t e r a l  
f a c i e s  r e l a t i o n s  and g e n e r a l i z e d  pa l eogeogr aphi c  r econ­
s t r u c t i o n  are de p i c t e d  in  F igure  5.  Ex p l anat i ons  of  the  
d i a g e n e t i c  sedimentary  s t r u c t u r e s  o f  L i t h o f a c i e s  V, V I I I ,  
and XI a r e  presented 1n f o l l o w i n g  s e c t i o n s  concerned wi t h  
d i a g e n e s i s .
Sycamore Conglomerate
Dolomi te  Pebble Conglomerate ( L i t h o f a c i e s  l a )
Pebbly Dolomi te  ( L l t h o f a c l e s  lb)
Festoon Cross-Bedded Sandstone ( L i t h o f a c i e s  I I )
I n t e r c a l a t e d ,  F o s s i 11ferous Sandstone and Limestone  
T IT th o fa T ie ?  I T I ) -------------  ----------------------------------------------
Desc r i  p t 1 on
Only the uppermost  p a r t  of  the Sycamore Conglomerate  
was examined as p a r t  of  the pr esent  s tudy.  The f or mat i on
( s a me  s y m b o l s  as F i g u r e  3 )
F i g u r e  5 .  G e n e r a l i z e d  P e l e o t e o g r a p h y  and c r o s s - s e c t i o n  s howi ng
e n v i r o n m e n t - f a c i e s  r e l a t i o n s h i p s  d u r i n g  M i d d l e  T r i n i t y  t i me.
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c o ns i s t s  ma i n l y  o f  red and green t e x t u r a l l y  immature f e l d -  
s p a t h i c  subgreywacke and subarkose ( F o l k ,  19 6 5 ) ,  and wel l  
rounded,  poor l y  sor t ed  p o l y m l c t l c  g r a i n - s u p p o r t e d  con­
g lomer a t e .  The conglomerate  un i t s  are massive (up to 10* 
t k . )  and homogeneous or  graded,  and are composed of  q u a r t z ,  
c h e r t ,  g r a n i t e ,  l i m e s t o n e ,  and d o l omi t e  cobbles and pebbles  
set  1n a sandstone m a t r i x  ( L i t h o f a c l e s  l a ) .  I n t e rbedded  
l e n t i c u l a r  or  massive sandstone 1s cross-bedded or i n t e r ­
n a l l y  homogeneous. The conglomerate  1s t y p i c a l l y  scoured  
i n t o  u nd e r l y i ng  sandstone or  mudstone,  and nor mal l y  grades  
upward I n t o  sandstone.  I n t e r beds  o f  red and green mud­
stone c o n t a i n i n g  d o l o m l t i c  l i mes t one  nodules are spar se l y  
p r e s e n t .  Foss i l  t u r t l e  s h e l l s  have been found w i t h i n  the 
Sycamore (B.  F. P e r k i n s ,  personal  communicat ion,  1971) .
The c o n t a c t  between the Sycamore Conglomerate and 
Hammett Shale 1s g e n e r a l l y  placed a t  the base of  a t h i n  
zone of  bored,  o y s t e r - e n c r u s t e d  do l omi te  pebbles .  Imme­
d i a t e l y  below t h i s  zone are t h r e e  very d i f f e r e n t  l l t h o l o g i c  
types and sequences.  At l o c a t i o n s  1,  4 ,  5 ,  16,  17,  and 18 
( F i g s .  1,  4 ) ,  Sycamore conglomerate and sandstone ( L i t h o ­
f a c l e s  l a )  grades upward i n t o  t h i n l y  bedded ( 5 - 6 0  cm),  
f o s s i 11f e r o u s , t e x t u r a l l y  mature sandstone and s i l t s t o n e ,  
wi t h  i n t e r b e d s  o f  11me packstone and wackestone ( L i t h o -  
f a c i e s  I I I ) .  At  o t he r  outcrops ( 7 ,  8 ,  9,  13,  and 15;
F igs .  1 ,  4 ) ,  the c o n t a c t  1s sharp,  and the uppermost Syca­
more c o n s i s t s  of  s i l i c a t e  and d o l omi t e  pebbles suspended
15
in a mat r i x  of  sugary dolomi te  ( F i g .  6 A, B; L i t h o f a c i e s  
l b ) ;  downward through a 5 ' - 2 0 *  I n t e r v a l ,  pebbles become 
more abundant u n t i l  the rock becomes gr a i n  supported.  The 
dolomi te  mat r i x  contains c a l d t e  f i l l e d  cracks and rare  
l aminated s t r uc t u r e s  resembl ing p i s o l i t e s  ( F i g .  6 C, D, £) .  
Clasts of  t h i s  ma t e r i a l  are reworked i n t o  the lowermost  
Hammett beds ( F i g .  6 F) .
The top of  the Sycamore a t  outcrop 6 is represented  
by a basal  festoon cross-bedded,  t e x t u r a l l y  mature-  
supermature sandstone which 1s o v e r l a i n  by g e n t l y  d ipping  
a c c r e t i o n  beds composed of  we l l - r ou n de d ,  w e l l - s o r t e d  d o l o ­
mi te pebble conglomerate ( L i t h o f a c i e s  I I ) ,  The t o t a l  
th ickness of  t h i s  sequence 1s approxi mate l y  15 f e e t ;  1t  is 
succeeded by t h i n ,  l aminated beds of  f o s s i 11f e r o u s , f i n e -  
medium grained sandstone and s l l t s t o n e  ( L i t h o f a c i e s  I I I ) .
Sycamore A l l u v i a l  P l a i n  ( la ) - C a l 1che Paleosol -Beach  
Envi ronments ( I b ; 11) ;  Basal  Hammett I n t e r t i d a l -  
Subtida1 Environment fTTTT--------------------------------------
I n t e r p r e  t a t i  on
Oamon (1940)  hypothesized t ha t  the Sycamore Con­
glomerate and sandstone r epr esent  a l l u v i a l  t e r r a c e  and 
channel  depos i t s .  The l i t h o l o g i e s ,  sedimentary s t r u c t u r e s ,  
and l l t h o l o g l c  sequences of  the uppermost Sycamore conf i rm  
such an o r i g i n  f o r  some of  the rocks ( L i t h o f a c i e s  l a ) .  
However,  L1thofa1ces l b ,  1n which pebbles f l o a t  in a 
dolomi te  ma t r i x  c ont a i n i ng  expansion d e s i c c a t i on  cracks
Figure  6.  Photographs:  L i t h o f a c i e s  lb and V.
A. Uppermost s u r f a c e  of  Sycamore Conglomerate;  pebbles  
and cobbles of  do l omi t e  and q ua r t z  which f l o a t  1n
a d o l omi t e  ma t r i x  ( L i t h o f a c i e s  l b )
B. Pol i shed slab of  Pebbly d o l omi t e  ( L i t h o f a c i e s  l b )
C. Pebbly d o l omi t e  from uppermost  Sycamore Conglomer­
a t e  showing b r e c c l a t e d  d o l o m i t e  m a t r i x  ( g r a y )  and 
angul ar  pebbles ( w h l t e - H g h t  g r a y ) .
D. I r r e g u l a r  f r a c t u r e s  1n arenaceous c s e l y .  c r y s t a l ­
l i n e  d o l o mi t e ;  f r a c t u r e s  f i l l e d  w i t h  c a l c l t e  spar  
and s i l t  to sand s i z e  q t z .  and d o l . (vadose s i l t ) ;  
L i t h o f a c i e s  l b .
E. P i s o l i t e s  ( L i t h o f a c i e s  l b ) .
F. Reworked pebbles and c a l i c h e  ( L i t h o f a c i e s  l b )  c l a s t s  
from Sycamore Conglomerate 1n lowermost  Hammett  
Shale ca r bonat e .
G. B r e c c l a t e d ,  c on t o r t e d  v.  t h i n  o y s t e r  l i me -  
packstone-wackestone beds; L i t h o f a c i e s  V of  
Hammett Shal e .
H. Compact iona1 f l ow a l i g n e d  oys te r s  1n Hammett Shale  
d ol omi t e  ( L i t h o f a c i e s  V) ;  wh i t e  area Is t h i n ,  d i s ­
r upt ed  l ime packstone.
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and p i s o l i t e  s t r u c t u r e s  (Dunham, 1969)  1s I n t e r p r e t e d  as a 
p a l e o c a l l c h e  s o i l  hor i z o n  (Amsbury,  19 6 7 ) .  The a c c r e t i o n -  
bedded and fes t oon cross-bedded sandstones of  L i t h o f a c i e s  
I I  r e p r e s e n t  a beach f o r e s h o r e - u p p e r  o f f s h o r e  package,  as 
I n t e r p r e t e d  from the pr ocess- r esponse  beach model of  Ber ­
nard and ot her s  ( 1 9 6 2 ) .  In summary, the uppermost Sycamore 
p o r t r a y s  d e p o s i t i o n  1n a l l u v i a l  p l a i n  to s t r a n d l l n e  en-  
vi  ronments .
The t e x t u r a l l y  mature sandstones,  s i l t s t o n e s  and 
l imest ones  ( L i t h o f a c i e s  I I I )  above the bored pebble zone 
at  the base of  the Hammett Shale r e pr es en t s  the t r a n s i t i o n  
i n t o  1n t e r t i d a l - h i g h  s u b t l d a l  s e d i ment a t i on  dur ing the 
r e g i o n a l  mar ine t r a n s g r e s s i o n  over  the Sycamore.  At  the  
same t i m e ,  a l l u v i a l  d e p o s i t i o n  and c a l I c h i f 1 c a t i o n  of  the  
uppermost Sycamore proceeded to the west o f  the s t r a n d l l n e .  
Wave reworked d o l omi t e  pebb l es ,  or  those f r e s h l y  brought  
to the d e p o s l t l o n a l  s i t e  by s t r eams,  were a t t a c k e d  by b or ­
ing mol lusks and worms 1n the nearshore zone ( P e r k i n s ,  
1971 ) .  As the s t r a n d l l n e  moved westward,  the bored pebbles  
were covered by deeper  wa t e r  and encrusted by o y s t e r s .
This I n t e r p r e t a t i o n  of  the Sycamore-1owermost  
Hammett e s t a b l i s h e s  the pa 1eogeographic s e t t i n g  f o r  the 
development  o f  the s u p e r j a c e n t  Hammett,  Cow Creek,  and 
Hensel  u n i t s .
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Middle  and Upper Hammett Shale
Cl ays tone-Mudstone ( L l t h q f a c l e s I V ) a n d  
I n terbedded Limestone ancT Dolomi te  ( l i t h o f a c i e s  V)
D e s c r i p t i o n
I mmedia te l y  o v e r l y i n g  the basal  sand u n i t  of  the 
Hammett Shale are two f i n e - g r a i n e d  l i t h o f a c i e s  which 
t h i c ke n  from 0 to 55 f e e t  e a s t - s o u t h - e a s t wa r d  away from 
the Llano U p l i f t  { F i g s .  1 ,  4 ) .  The lower  co n t a c t  of  the 
cl  ays tone-mud stone ( F a d e s  IV)  wi th  the basal  sand ( Fac i es  
I I I )  is co n t i n uo u s l y  g r a d a t i o n a l  from sandstone i n t o  mud­
stone.  The f o s s i 1i f e r o u s  mudstone is t y p i c a l l y  burrowed 
or l aminat ed  and cont a i ns  s p o r a d i c ,  very  t h i n ,  l e n t i c u l a r  
i n t e r b e ds  o f  l ime packstone and cross-bedded sandstone.
This u n i t  grades upward i n t o  homogeneous c l a y s t on e .
L i t h o f a c i e s  IV grades upward i n t o  an interbedded  
l i mes t one  and d o l omi t e  sequence ( L i t h o f a c i e s  V) .  The beds 
of  t h i s  f a c i e s  are t h i n  and h i g h l y  i r r e g u l a r ;  l imest one  
i n t e r b e ds  are sometimes b r e c c i a t e d  ( F i g .  6 G) and do l omi te  
l ay e r s  are c o n t o r t e d  and c o n t a i n  f l o w - a l i g n e d  b i o c l a s t s  
(F1g.  6 H) .  The l imestone 1s t y p i c a l l y  c l a y e y - s i l t y  (3-25% 
i n s o l u b l e  r e s i due  c o n t e n t )  l ime packstone,  and less com­
monly wackestone,  which cont a i ns  o y s t e r s ,  r e c r y s t a l l i z e d  
mo l l us k s ,  and ech i no l ds  ( F i g .  7 A,  8 ,  C) .  Dolomi te wacke­
stone and mudstone (F1g,  7 D) con t a i n  more i n s o l u b l e  r e s i ­
dues (12-45%)  but  l ack  the r e c r y s t a l l i z e d  mol lusks found
F i g u r e  7.  P h o t o g r a p h s :  L i t h o f a c i e s  V- V11.
A. M o l l u s k - o y s t e r  Hme packstone ( F a d e s  V) ;  note t h a t  
s h e l l s  a r e  d i s a r t i c u l a t e d  but  unabraded;  t i g h t l y  
packed and broken va l ves  along base of  s lab near  
c o n t a c t  wi t h  d o l o m i t e .
B-C.  M o l l u s k - o y s t e r  1 1me packstones;  r e c r y s t a l 1 ized  
mol lusks and ml crospar -pseudospar  m a t r i x .
D. Contact  between l i mes t one  ( a t  base)  and do l omi t e  
wackestone wi t h  b l o c l a s t s  showing f l o w  a l i gnment  
p a r a l l e l  to l i mes t one  c o n t ac t  ( Fac i e s  V) .
E. Thin d o l o m l t l c  l ime packstone beds from uppermost  
Facies V; c u r r e n t  o r i e n t e d  o y s t e r  v a l v e s .
F. Photo l ook i ng  up I n t o  o y s t e r  d o l omi t e  packstone  
bed ( Fa c i e s  V I ) ;  l a r g e  o y s t e r s ,  most o f  which are  
d i s a r t i c u l a t e d ,  unabraded,  and o r i e n t e d  convex-  
va l ve  up.
G. Slab o f  F a d e s  VI o y s t e r  do l omi t e  packstone.
H. F a d e s  V I I  (Carbonate  Shoal  Env i r onment ) ;  two 
I r r e g u l a r  t h i c k  beds; c u r r e n t  o r i e n t e d  convex-up  
va l ves  1n upper bed.  H t h o l o g y  1s most ly  a r e n a ­
ceous l ime packstone.
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in the l i mes t on e .  She l l s  in both the l i mest one  and d o l o ­
mi t e  are nor mal l y  d i s a r t i c u l a t e d  and u ns or t e d ,  and 1f  the  
b i o c l a s t s  are broken,  they are angul ar  or  subangular .  Only 
the uppermost 2 -4  f e e t  o f  Facies V d i s p l a y s  evidence  
{ abr aded,  o r i e n t e d ,  and sor ted mol lusk f ragment s )  of  c u r ­
r e n t  d e p o s i t i o n  ( F i g .  7 E) .
The th i ckness  and f requency of  d o l omi t e  i n t e r beds  
r i c h  in i n s o l u b l e  r e s i due  decreases upward wi t h  a r e s u l t i n g  
i nc r e a s e  in  the number o f  l imestone u n i t s .  Thus,  t he r e  is 
a net  decrease 1n the amount of  s i l t  and c l a y  1n the Ham­
met t  Shale upward to the Cow Creek Limestone.  The d i a -  
g e n e t i c  s i g n i f i c a n c e  of  the I n s o l u b l e  r es i due  contents  and 
c l a y  types in Facies V carbonates w i l l  be discussed l a t e r  
( p . 6 1,  Appendlx C ) .
O f f s h o r e ,  Open Embayment Envi ronment  ( I V ,  V)
I n t e r p r e t a t  i on
The s t r a t i  graph 1c p o s i t i o n  of  Facies IV and V be­
tween the basal  sandstone o f  the Hammett Shale and the r e ­
g r e s s i v e  carbonat e  shoal  u n i t  ( Fac i es  V I I )  of  the Cow 
Creek Limestone I n d i c a t e s  t h a t  the c l a y s t o n e  and mudstone 
of  F a d e s  I V ,  and the lower  p a r t  o f  Facies V r e p r e s e n t  the 
f u r t h e s t  o f f s h o r e  de pos i t s  (1n the study a r e a )  o f  the  
t r a n s g r e s s l v e  phase.  L i t h o f a c i e s  IV was depos i t ed  under  
l ow-ener gy  c o n d i t i o n s  as I n d i c a t e d  by I t s  f i n e  g r a i n  s i z e ,  
u ns o r t e d ,  a ngu l a r  b i o c l a s t s ,  and b i o t u r b a t i o n  f e a t u r e s
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( b i o c l a s t  f r a g m e n t a t i o n  and sediment  homogenizat ion prob­
ab l y  r e s u l t  from I n t e ns e  b 1 o t u r b a 1 1 on; Stanton and Warme,  
1971 ) .  Clay and mud was depos i t ed  i n  a c a r b o n a t e - d e f i c i e n t  
o f f s h o r e  envi ronment  o r ,  a l t e r n a t i v e l y ,  on a c u r r e n t - f r e e  
bottom e x i s t i n g  c l o s e r  to shore than the d e p o s i t i o n a l  s i t e  
of  Facies V. I f  the f i r s t  hypothes is  i s  c o r r e c t ,  the s h i f t  
from c l a s t i c  to carbonat e  d e p o s i t i o n  r e s u l t e d  from a simple  
decrease in supply of  t e r r i g e n o u s  d e t r i t u s  to the d e p o s i ­
t i o n a l  a r e a ,  whereas i f  the l a t t e r  I s  t r u e ,  a decrease in  
c l a s t i c  supply plus f u r t h e r  t r a n s g r e s s i o n  1s necessary.
Evidence a g a i n s t  cont inued t r a n s g r e s s i o n  is the ab­
sence o f  a r epeated  Facies IV ( c l a y s t o n e  and mudstone)  in  
the o v e r l y i n g  upper Hammett-Cow Creek r e g r e s s i v e  sequence.  
Dolomi te  c o n t a i n i n g  a l a r g e  amount of  I n s o l u b l e  r es i due  de­
creases in f requency upward through F a d e s  V, a l s o  suggest ­
ing a p r o g r e s s i v e  decrease in  the supply of  d e t r i t u s  to 
the o f f s h o r e  a r e a .  These two o bs e r v a t i o n s  I n d i c a t e  t h a t  
Facies IV e l a s t i c s  do not  r e p r e s e n t  a nearshore  e q u i v a l e n t  
of  carbonat e  F a d e s  V,  but I ns t e a d  r e f l e c t  c o n d i t i o n s  1n 
the source area and bot tom c u r r e n t  a c t i v i t y  w i t h i n  the 
study area dur i ng  t h e i r  d e p o s i t i o n .  F a d e s  V l imest one  
and do l omi t e  was depos i t ed  when the supply of  f i n e  d e t r i t u s  
to the q u i e t  o f f s h o r e  envi ronment  became n e g l i g i b l e  in  com­
par i son to carbonate  se d i me n t a t i on  r a t e s .
The s t r a t l g r a p h l  c p o s i t i o n  o f  F a d e s  V and I t s  asso­
c i a t i o n  wi t h  o v e r l y i n g ,  r e g r e s s i v e  o y s t e r  bank and carbonate
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shoal  depos i t s  ( Fac i es  V I ,  V I I )  a r e  the c r i t e r i a  used f o r  
I d e n t i f y i n g  1t  as a deeper ,  open embayment d e p o s i t .  The 
presence of  abundant  11me mud 1n the l i me s t o n e s ,  the mud- 
supported f a b r i c  o f  the d o l o m i t e s ,  and the a n g u l a r ,  un­
sor ted na t ur e  of  the b i o c l a s t s  are a l l  i n d i c a t i v e  of  depo­
s i t i o n  1 n a low energy envi ronment  ( F o l k ,  1962;  Dunham,  
1962 ) .  The f a c t  t h a t  do l omi t e  1s mudstone or  wackestone,  
and l i mes t one  1s t y p i c a l l y  packstone suggests t h a t  l ime  
mud accumul at i on r a t e s ,  r e l a t i v e  to s he l l  p r oduct i on  r a t e s ,  
were g r e a t e r  f o r  do l omi t e  than f o r  l i m e s t o n e ;  t h i s  d i f f e r ­
ence,  however ,  may be the r e s u l t  of  d i a ge n e s i s  whereby a r a -  
g o n l t i c  a l l ochems,  o r i g i n a l l y  p r es ent  w i t h i n  a g r a i n -  
supported sed i ment ,  were o b l i t e r a t e d  by do l omi t e  r e p l a c e ­
ment.
The t h i n  i n t e r b e d s  of  I n s o l u b l e - p o o r  l i mest one  and 
i n s o l u b l e - r 1 c h  do l omi t e  are best  e x p l a i ne d  by evoking the  
a c t i o n  of  s e l e c t i v e  b i nd i ng  and t r a p p i n g  agents ( i . e . ,  
a l g a l  mats ,  sea grasses [ S c o f f l n ,  1970;  Neumann and o t h e r s ,  
1 9 7 0 ] ) .  S l i g h t  topogr aphi c  depress ions or  patches of  sea 
grasses or  a l gae  could have b a f f l e d  c u r r e n t s  and t rapped  
both t e r r i g e n o u s  and 11me muds ( d o l o m i t e s ) .  In non­
v eget a t ed  or s l i g h t l y  h i ghe r  a r e a s ,  very low v e l o c i t y  c u r ­
r e n t s  may have prevented t e r r i g e n o u s  mud from s e t t l i n g  out  
whi l e  a l l o w i n g  l ime mud produced 1n s i t u  to accumulate .
O y s t e r  D o l o m i t e  Pa c k s t o ne  ( L i t h o f a c i e s  V I )
Desc r 1 p t 1 on
This uppermost  l i t h o f a c i e s  of  the Hammett Shale 
occurs t hroughout  the study a r ea .  The cont ac ts  wi th  over -  
l y i n g  and u n d e r l y i n g  s t r a t a  are sharp,  and the u n i t  i t s e l f  
is one t h i n  bed { 1 - 2  f e e t  t h i c k )  composed of  s i l t y ,  c l a y e y ,  
c o a r s e l y  c r y s t a l l i n e  ( 6 0 p - 1 2 0 p )  do l omi te  and packed o y s t e r  
va l ves  ( F1g . 7 F,  G) .  The oys t e r s  are l a r g e ,  unsor t ed ,  
and d i s a r t i c u l a t e d  but unbroken;  many are o r i e n t e d  convex 
va l ve  up. I r r e g u l a r l y  shaped c l u s t e r s  of  two or more en­
cr us t ed  o y s t e r s  are commonly found w i t h i n  t h i s  rock u n i t .
Oyster  Bed Envi ronment  ( V I )
I n t e r p r e t a t 1 o n
L i t h o f a c i e s  VI  1s the r e s u l t  o f  d e p o s i t i o n  in an 
envi ronment  o f  high o y s t e r  p r o d u c t i v i t y  which e x i s t e d  j u s t  
seaward o f  the carbonat e  shoals ( s u p e r j a c e n t  F a d e s  V I I ) .  
The bedded na t ur e  of  t h i s  f a c i e s ,  i t s  s t r a t 1 g r a p h i c  t h i c k ­
ness,  and absence of  o y s t e r s  1n growth p o s i t i o n  and t opo­
graph i c  r e l i e f  e l i m i n a t e  the p o s s i b i l i t y  of  t h i s  being an 
o y s t e r  r e e f  d e p o s i t .  I ns t ead 1 t  r e pr e s e n t s  an o y s t e r  b i o -  
st rome;  o y s t e r s  were only  s l i g h t l y  removed from growth  
p o s i t i o n ,  p o s s i b l y  by storm waves or t i d a l  c u r r e n t s ,  as 1s 
evidenced by the presence of  o y s t e r  c l u s t e r s ,  the l ack of  
abraded v a l v e s ,  and the convex va l ve  up o r i e n t a t i o n .
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Cow Creek Limestone  
Thick Bedded,  Sandy Lime Packstone ( L i t h o f a c i e s  V I I )  
D e s c r i p t i o n
Throughout  most o f  the study area t h i s  u n i t  ranges 
between 3 and 7 f e e t  t h i c k  ( F i g .  7 H) ;  i t  is absent  in the 
pinchout  area ( F1g * 4)  and t h i c ke ns  down d e p o s i t l o n a l  dip  
to as much as 13 f e e t .  The upper co n t a c t  Is sharp or  g r a ­
d a t i o n a l  ( i n t e r b e d d e d ) ,  and a t  outcrops 4,  6 ,  and 10 
( F i g s .  1,  4} the lowermost  beds of  s u p e r j a c e n t  L i t h o f a c i e s  
V I I I  d i s p l a y  s h a l l o w .  I n i t i a l  d ips ( F i g .  8 A ) ,  I n d i c a t i n g  
t h a t  some d e p o s i t l o n a l  r e l i e f  e x i s t e d  on the top of  L i t h o ­
f a c i e s  V I I .
This l i t h o f a c i e s  c o n s i s t s  of  I r r e g u l a r  t h i n  to t h i c k  
beds o f  d o l o m l t l c  11 me packstone and su bor d i na t e  l ime  
g r a l n s t o n e  (F1g.  8 B) .  Lenses of  we l l  s o r t e d ,  convex-up  
mol lusk va l ves  ( F1g s . 7 H, 8 C) and graded u n i t s  (F1g.  8 D) 
are commonly p r e s e n t .  Cross-bedding and o t he r  c u r r e n t -  
formed sedimentary  s t r u c t u r e s  are abs ent ,  but  the u n i t  
t y p i c a l l y  d i s p l a y s  burrows and o t h e r  b l o t u r b a t l o n  f e a t u r e s  
( F i g .  8 E, F ) .
The Hme packstone (F1g.  8 G) c ont a i ns  a high p e r ­
centage (403* of  the g r a i n  p o p u l a t i o n )  of  f i n e  to v e r y - f i n e  
angul ar  q u a r t z  sand,  and poor l y  s o r t e d ,  a n g u l a r  mol lusks  
( 303*) and oys t e r s  (27%);  e c h l n o l d s ,  d e t r l t a l  d o l o m i t e ,  and 
f e l d s p a r  are p r esent  1n smal l  amounts (Appendix B) .  The
F i g u r e  8.  P h o t o g r a p h s :  L i t h o f a c i e s  V I I .
A. Lowermost beds of  Facies V I I I  d i s p l a y i n g  I n i t i a l  
dips ( toward l e f t  s ide o f  pho t o ) ;  the beachward 
di p  on these beds i n d i c a t e s  some d e p o s l t i o n a l  
r e l i e f  on u n d e r l y i n g  shoal  u n i t .
B. Poor l y  s t d . ,  arenaceous mol 1 u s k - o y s t e r  l ime pack­
stone;  most b i o c l a s t s  a r e  a n g u l a r ;  i n t r a c l a s t  1n 
l e f t  c e n t e r .
C. Cur r e n t  o r i e n t e d  r obust  convex-up pelecypod va l ves  
1n uppermost bed of  Facies V I I .
D. Coarse to f i n e  g r a d a t i o n  upward through Facies V; 
l a r g e  mol lusk va l ves  a t  base.
E. B i o t u r b a t e d  p oor l y  s o r t e d ,  arenaceous mo l l us k -  
o y s t e r  l ime packstone.
F. Burrows on upper s u r f a c e  of  Facies V I I .
G. Arenaceous ( v . f . - f . g r . )  poor l y  sor t ed  mol lusk l ime  
packstone;  most b l o c l a s t s  a r e  rounded;  d o l o m l t i c .
H. Wel l  s o r t e d ,  we l l  rounded coarse gr .  mol lusk l ime  
g r a i n s t o n e .
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l ime packstone m a t r i x  1s composed o f  30% d o l o m i c r l t e ,  70% 
m l c r i t e  and mi c r o s p a r ,  and minor c a l c l t e  cement;  n o r m a l l y ,  
the packstone Is b l o t u r b a t e d  ( M g .  8 E) .  In c o n t r a s t  to 
the l ime packstone,  l ime g r a l n s t o n e  cont a i ns  we l l  s o r t e d ,  
wel l  rounded b l o c l a s t s  and l i t t l e  or no d e t r i t u s  ( F i g .  8 H) .  
The l ime gr a l ns t one s  t y p i c a l l y  a r e  not  b l o t u r b a t e d .
Carbonate Shoal  Envi ronment  ( V I I )
I n t e r p r e t a t i o n
The l ime packstone and l ime g r a l n s t o n e  u n i t s  of  
L i t h o f a c i e s  V I I  are  thought  to have been depos i t ed  in a 
carbonat e  shoal  envi ronment  which separa ted the deeper ,  
open embayment from s h a l l o w e r ,  nearshore env i ronments .
The beachward d ipp i ng  lowermost  s t r a t a  of  L i t h o f a c i e s  V I I I  
m a n i f e s t  the d e p o s i t l o n a l  topography of  these s h o a l s ,  and 
the t h i c knes s  of  the shoal  d e p o s i t  a t  each outcrop may be 
taken as the approximate  t opogr aphi c  r e l i e f  developed on 
I t  dur i ng  I t s  genes i s .
Facies I V ,  V,  and VI c o n t a i n  l i t t l e  or no sand s i z e  
d e t r i t u s ,  whereas sand 1s an I mp or t a n t  component of  L i t h o ­
f a c i e s  V I I  through X I ;  on the o t h e r  hand,  these o v e r l y i n g  
upper u n i t s  c o n t a i n  only  minimal  amounts of  s i l t  and c l a y ,  
which 1s abundant  in u n d e r l y i n g  f a c i e s .  The smal l  t opo­
g r a p h i c  d i f f e r e n c e  between sea-bot tom and s h o a l - t o p  seems 
to have been s u f f i c i e n t  to t r a p  f i n e  sand 1n the nearshore  
env i ronments .  Normal outgoing t i d a l  c u r r e n t s  were
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a p p a r e n t l y  unable to t r a n s p o r t  the f i n e  sand sediment  over  
the shoal  a r e a ,  whereas occas iona l  storm waves could have 
picked up oys t e r s  and o t h e r  b i o t ypes  l i v i n g  f a r t h e r  o f f ­
shore and c a r r i e d  them beachward over  t h i s  shoal  a r ea .
The occur rence of  zones of  wel l  s o r t e d ,  convex-up  
b i v a l v e s ,  graded sequences and wel l  s o r t e d ,  we l l  rounded 
b i o c l a s t s  in the l ime g r a i n s t o n e s  a l l  I n d i c a t e  t h a t  d e p o s i ­
t i o n  was I n f l u e n c e d  by c u r r e n t s  or  waves.  Ex tens i ve  b i o -  
t u r b a t i o n  suggests t h a t  d e p o s i t l o n a l  r a t e s  were s u f f i ­
c i e n t l y  slow enough f o r  the I n f auna  to d i s r u p t  and dest r oy  
most of  the c u r r e n t - f o r m e d  s t r u c t u r e s .  The abundance of  
l ime packstone in t h i s  f a c i e s  may be the r e s u l t  of  c u r r e n t  
b a f f l i n g  and sediment  s t a b i l i z a t i o n  by sea grasses on the 
shoal  ( J l n d r l c h ,  1 9 6 9 ) ,  or  low v e l o c i t y  t i d a l  c u r r e n t s .
Bal l  ( 1967)  found t h a t  l ime wackestone and packstone bars ,  
separa ted by l ime g r a l n s t o n e  f l o o r e d  cha nne l s ,  develop  
where t i d a l  c u r r e n t  v e l o c i t i e s  are s m a l l ,  whereas the oppo­
s i t e  s i t u a t i o n  may be t r u e  where t i d a l  c u r r e n t s  are  
s t r o n g e r .  Thus,  the carbonat e  shoal  u n i t  may wel l  r e p r e ­
sent  a t i d a l  bar  b e l t  ( B a l l ,  1 9 6 7 ) ,  but  because outcrops  
are l i m i t e d  In l a t e r a l  e x t e n t ,  d i a g n o s t i c  f e a t u r e s  such as 
a c c r e t i o n  beds and channels were not  seen.
28
F o s s i 1i f e r o u s  Q u a r t z ,  A r e n l t e  and Pel 1e t 1 f e r o u s  
Lime Packstone ( L i t h o f a c i e s  V I I I )
Descr i  pt1on
This l i t h o f a c i e s  is present  a t  a l l  outcrops except  
those in the nor thwesternmost  p a r t  of  the study area and 
is t h i c k e s t  ( 2 0 ' )  in the v i c i n i t y  o f  Cow Creek ( l o c .  17,  
F i g .  1 ) .  I t  c on s i s t s  of  t h i n  beds of  l ami nat ed  or  homo­
geneous,  f o s s i 11f e r ous  f i n e  to v e r y - f i n e  gr a i ned  qua r t z  
a r e n l t e  (F1g.  9 A, B, C) i n t e r bedded  wi t h  r e s i s t a n t  con­
c r e t i o n s ,  nodul es ,  and l e n t i c u l a r ,  nodul ar  beds ( F i g .  9 D, 
E, F ) .  Nodules and c on c r e t i on s  sometimes merge to form 
beds,  and l e n t i c u l a r  beds can sometimes be t r aced  l a t e r a l l y  
i n t o  zones of  nodules;  these u n i t s  are made up of  a r e n a ­
ceous,  p e l l e t e d  l ime packstone ( F i g .  9 G) .  Laminated beds 
are most common 1n the upper and middle  par t s  of  the sec­
t i o n  and occur  only  r a r e l y  In  the lower  p a r t .  A t r a n s i t i o n  
zone o f  u nd u l a t o r y  beds,  c o n t a i n i n g  both coarse and f i n e  
q u a r t z  sand,  occurs where the o v e r l y i n g  f es t oon  c r o s s ­
bedded u n i t  1s not  scoured I n t o  the top of  t h i s  f a c i e s .
A n g u l a r ,  w e l l - s o r t e d ,  f i n e  to v e r y - f i n e  gra ined  
d e t r i t u s  makes up 55% of  a l l  g r a i n s  ( c a r bona t e  plus c l a s ­
t i c )  i n  the q u a r t z  a r e n l t e s ;  of  t h i s  55%, 16% Is  d e t r l t a l  
d o l o m 1 t e - - t h e  h i g he s t  percent  o f  d e t r l t a l  d o l omi t e  1n any 
of  the l i t h o f a c i e s  s t u d i e d .  Al lochems are medium to very  
coarse g r a i n e d ,  and ar e  t y p i c a l l y  angu l ar  and unsor ted  
( F i g .  9 C) except  In the l ami nat ed  zones.  Oysters and
F i g u r e  9.  P h o t o g r a p h s :  L i t h o f a c i e s  V I I I .
A. Laminated c a l c . ,  f o s s 1 11f erous v . f . - f . g r .  q t z .  
a r e n l t e  1n uppermost p a r t  of  Facies V I I I .
B-C.  F o s s i 1 I f e r o u s  v . f . - f . g r .  q t z .  a r e n l t e ;  poor l y  
s t d . ,  a n g u l a r - r d e d  mol lusk f ragment s;  r e c r y s t a l ­
l i z e d  c a l c l t e  mud m a t r i x  and cement.
D-E.  L e n t i c u l a r ,  I r r e g u l a r  beds (D) and branched  
nodules made up o f  arenaceous,  f o s s 111f e r o u s , 
p e l l e t e d  l ime packstone.
F. D i f f u s e  c o n t a c t  o f  p e l l e t e d  l ime packstone nodule  
w i t h  d o l o m l t l z e d ,  arenaceous m a t r i x .
G. Arenaceous ( v . f . - f . g r .  q t z . ) ,  f o s s i l l f e r o u s  
p e l l e t e d  l ime packstone.
H. I r r e g u l a r ,  branched p e l l e t e d  l ime packstone  
nodules which probably  r e p r e s e n t  cr us t acean  
bur rows.
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ot he r  mol lusks (numerous gast r opods)  are  the most abundant  
b i o c l a s t s  (55% and 35%, r e s p e c t i v e l y ,  o f  a l l  carbonate  
g r a i n s ) ;  the remaining carbonate  g r a i ns  are e c h l n o l d s ,  
i n t r a c l a s t s ,  and p e l l e t s  (Appendix B) .  The ma t r i x  1n the 
a r e n i t e  i s  p r i m a r i l y  composed of  r e c r y s t a l l i z e d  l ime mud,  
but i t  may c o n t a i n  r epl acement  d o l o m i t e .  Un i t s  r i c h  in 
d e t r i t a l  do l omi t e  are r ep l aced  by f i n e l y  c r y s t a l l i n e  
( 1 6 p - 6 4 m ) dol omi t e  to such an e x t e n t  t h a t  the o r i g i n a l  
d e p o s i t l o n a l  t e x t u r e s  and f a b r i c s  a r e  o b l i t e r a t e d .  Nodules 
a r e ,  a t  most ,  onl y  s l i g h t l y  d o l o m i t l z e d .
Nodules are I r r e g u l a r l y  branched ( F i g .  9 H) i n t o  
v e r t i c a l  to h o r i z o n t a l  components which t r u n c a t e  l aminated  
m a t r i x  sediment .  Concre t ions  are l a r ge  (up to  two f e e t  in  
d i a m e t e r ) ,  f l a t t e n e d  e l l i p s o i d a l  or  s pher o i da l  masses 
( F i g .  10 A) ;  draped l a m i n a t i o n s  1n o v e r l y i n g  sediments i n ­
d i c a t e  d i f f e r e n t i a l  compact ion around t h e i r  upper s u r f a c e s .  
The c on t a c t  between a nodule and I t s  sur rounding ma t r i x  1s 
t y p i c a l l y  g r a d a t i o n a l .  Where the surrounding ma t r i x  1s 
d o l o m i t e ,  the p e r i p h e r y  of  the nodule 1s r e p l a c e d .  I f  the 
nodule I s  enclosed 1n a q u a r t z  a r e n i t e  u n i t ,  q u a r t z - r i c h  
r e c r y s t a l l i z e d  c a l c l t e  separates  p e l l e t s  a t  t he  nodule 
margi n ,  but  Inward toward the c e n t e r ,  the c a l c l t e  m a t r i x  
cont a i ns  p r o g r e s s i v e l y  l ess q u a r t z .
Large (2 mm) round,  s a n d - f r e e  f e c a l  p e l l e t s ,  now 
r e c r y s t a l l i z e d  to 10u-30p c a l c l t e ,  make up an average of  
20% of  the al lochems in the l ime packstone.  Oysters and
F i g u r e  10.  P h o t o g r a p h s :  L i t h o f a c i e s  V111 - X.
A. Zone of  l a r g e  el  11p s o l d a l - s p h e r o i d a l  p e l l e t e d
l ime packstone c o n c r e t i o n s ;  d l a g e n e t l c a l l y  en l ar ged  
cemented burrows or  sediment  volcano mounds.
B-C. Large sc a l e  f es t oon  ( t r o u g h )  crossbeds of  
F a d e s  IX (upper  o f f s h o r e  env i r onme nt ) .
D-E.  Poor l y  sor t ed  arenaceous mol lusk o y s t e r  l ime  
p a c k s t o n e - g r a l n s t o n e  o f  upper o f f s h o r e  f es t oon  
cr oss- bed s e c t i o n  ( Fa c i e s  I X ) .
F-G.  T h i c k ,  evenl y  bedded a c c r e t i o n  u n i t s  o f  beach 
f o r e s ho r e  envi ronment  ( Fa c i e s  X) .  Uppermost p a r t  
of  a c c r e t i o n  beds d i p  and pinch out  toward beach 
backshore 1n G.
H, Arenaceous mol lusk l ime g r a l n s t o n e  ( Fac i e s  X) .
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ot he r  mol lusks occur  1n the same p r o po r t i on s  as 1n the 
a r e n i t e ,  but  c l a s t i c  g r a i ns  are l ess abundant  (Appendix B);  
coarse c a l c i t e  makes up the 1n t e r g r a n u l a r  m a t r i x .  The o r ­
ganisms t h a t  produced the f e c a l  p e l l e t s  s e l e c t i v e l y  i n ­
gested only the o r g a n i c - r i c h  carbonate  muds wh i l e  pushing 
as i de  n on d i g e s t 1 b l e  sa nd- s i z e d  d e t r i t u s .  Swinchat t  ( 1967)  
and K l e i n  ( 19 65 )  a l s o  note organisms which s e l e c t i v e l y  a t e  
only f i n e  gra i ned sediments .
I nner  Carbonate Shoal  and R e s t r i c t e d  Lagoon ( V I I I )
I n t e r p r e t a t 1 o n
The s t r a t i g r a p h l c  p o s i t i o n  o f  t h i s  f a c i e s  between 
beach and shoal  u n i t s  suggests t h a t  1t  was deposi ted  1n a 
s h a l l o w ,  low energy lagoon or on the shoreward side o f  the  
carbonat e  sho a l .  This i n f e r e n c e  1s f u r t h e r  s u b s t a n t i a t e d  
by the composi t ion and t e x t u r e  of  component g r a i ns  and 
ma t r i x  ( we l l  sor ted f i n e  sand; a n g u l a r ,  unsor ted b i o c l a s t s ;  
carbonat e  mud m a t r i x )  and sedimentary  s t r u c t u r e s  ( l a m i n a ­
t i o n s ,  homogeneous beds,  and bur rows) .  Kendal l  and Sk i p -  
wi t h  ( 1969)  r e p o r t  s i m i l a r  sediment  composi t ions and t e x ­
t u r e s  from the Pers i an G u l f  T r u c i a l  coast  l agoons.  As 
shown by I mbr l e  and Buchanan ( 1965)  and Swi ncha t t  ( 1 9 6 7 ) ,  
the homogenizat ion of  sediments 1n q u i e t  wa t e r  envi ronments  
i s the r e s u l t  of  complete reworking by burrowing organisms.
The poo r l y  s o r t e d ,  l aminated beds 1n the upper p a r t  
of  t h i s  u n i t  r e p r e s e n t  the lower  energy o f f s h o r e  f a c i e s
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e q u i v a l e n t  of  the fes t oon cross-beds ( Fac i e s  I X ) ,  which 
were depos i t ed  near er  to shore under h i gher  energy c o n d i ­
t i o n s  (uppermost  lower  f l ow regime;  Harmes and Fahnstock,  
1965;  V i s c h e r ,  19 6 5 ) .  Laminated beds are not  i n t e n s e l y  
b i o t u r b a t e d  as are u nd e r l y i ng  beds; t h i s  may be an i n d i c a ­
t i o n  of  r ap i d  d e p o s i t i o n  dur ing storm a c t i v i t y .  Any s e d i ­
ments or  sed imentar y  s t r u c t u r e s  depos i t ed  above these s e d i ­
ments dur i ng  normal c o n d i t i o n s  were removed by dune scour  
(basal  scour sur f a ce s  of  the o v e r l y i n g  f es t oon  cr oss - beds )  
dur i ng  subsequent  storms or f a c i e s  p r o g r a d a t i o n .
The branching nodules t h a t  t r u n c a t e  l a mi n a t i o ns  and 
c o n t a i n  p e l l e t s  (F1g.  9 E, G, H) are I n t e r p r e t e d  as c r u s t a ­
cean burrows because they bear a s t r i k i n g  resemblance to  
those descr i bed  by Shinn ( 1968)  from F l o r i d a  Bay and the 
Bahamian P l a t f o r m ,  and Stanton and Warme ( 1971)  from the 
Eocene of  Texas.  The l a r ge  e l l i p s o i d a l  and s p h e r i c a l  con­
c r e t i o n s  are i n f e r r e d  to r e p r e s e n t  d 1 a g e n e t l c a l l y  en l ar ged  
burrows or  p e l l e t l f e r o u s  sediment  volcanos formed at  ex ­
c u r r e n t  openings of  burrows ( Sh i n n ,  1968 ) .  The nodules and 
c o n c r e t i on s  underwent  e a r l y  11 t h 1 f I c a t l o n ;  d i f f e r e n t i a l  
compact ion (draped l a m i n a t i o n s )  took p lace  around them,  
and,  a l though sur r oundi ng sediments are sometimes com­
p l e t e l y  d o l o m l t l z e d ,  the nodules and con cr e t i ons  c o n t a i n  
only  minor  d l a g e n e t l c  d o l o m i t e .  The reasons f o r  t h i s  
11t h 1 f 1c a t l o n  are presented 1n Appendix D1. Ni chols  ( 1966)  
suggests a burrowing o r i g i n  f o r  an analogous Lower
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Car bon i f e r ous  nodul ar  se c t i o n  1n Wales.
L e n t i c u l a r ,  I r r e g u l a r  p e l l e t e d  l ime packstone beds 
( F i g .  9 D) which a r e  e x t e n s i v e l y  b l o t u r b a t e d  and cont a i n  
l ess d e t r i t u s  than a r e n l t e  beds,  are  thought  to have o r i g i ­
nated through the r e d i s t r i b u t i o n  by cu r r en t s  of  burrow
mounds and o t he r  sediments formed through burrowing a c ­
t i v i t y  dur i ng  t imes of  low d e t r l t a l  I n f l u x .  The I r r e g u l a r  
n at u r e  of  the bedding con t a c t s  could be due to compact ion,  
or o r i g i n a l  bottom I r r e g u l a r i t i e s  on the sea f l o o r .
Festoon Cross-Bedded Lime Packstone ( L i t h o f a c l e s  IX)  
anJ A c c r e t l o n  Bedded Lime f i ra l nst one  ( L i t h o f a c l e s  X)
Descr1p t i  on
L i t h o f a c l e s  IX 1s c h a r a c t e r l z e d  by l a r ge  fes toon  
( t r o u g h )  c r o s s - s t r a t i f i c a t l o n  ( F i g .  10 B, C) and 1s made 
up of  ar enaceous,  coarse to very  coarse grained l ime g r a i n -
stone (F1g.  10 D, E) and b l o t u r b a t e d ,  coarse to medium
gra i ned l ime packstone.  No g e n e r a l i z a t i o n  can be made con­
cer n i ng  the s o r t i n g  and rounding of  these sediments except  
t h a t  very  coarse l ime g r a l ns t o ne s  a r e  normal l y  the most  
a ng u l a r  and l e a s t  we l l  s o r t e d .  C l a s t i c  d e t r i t u s  c o n s t i ­
t u t e s  a s m a l l e r  percentage (26%) of  the g r a i n  p opu l a t i o n  
than 1n the u nd e r l y i ng  f a c i e s ,  and oys t e r s  and mol lusks  
are aga in  the dominant  b i o c l a s t s  (Appendix B) .  Festoon 
cross- bed o r i e n t a t i o n s  I n d i c a t e  d e p o s i t i o n  by westward 
f l o w i n g  c u r r e n t s  ( S t r i c k l i n  and Smi th,  1968;  S t r i c k l i n  and
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o t h e r s ,  19 7 1 ) .  A sharp or g r a d a t i o n a l  c o n t a c t  separa tes  
t h i s  u n i t  from the o v e r l y i n g  a c c r e t i o n  bedded deposi ts  
( L i t hofac  i es X ) .
The fes t oon cross-bedded u n i t  ( L i t h o f a c i e s  IX)  main­
t a i n s  a c ons t a n t  t h i c knes s  t hroughout  the study a r e a ,  
whereas the s e c t i o n  o f  a c c r e t i o n  beds t h i ckens  down d epos i ­
t i o n  a 1 d i p  ( F i g .  4 ) .
O v e r l y i n g  a c c r e t i o n  beds ( L i t h o f a c l e s  X) s t r i k e  
e a s t - w e s t  ( F i g .  1,  t h i s  paper ;  S t r i c k l i n  and Smi th,  1968)  
and have i n i t i a l  southward dips ranging from 4° to 14°
( F i g .  10,  F,  G; F1g.  11 A) and sediment  s i z e  and s o r t i n g  
I nc r e as es  from toe to c r e s t  of  i n d i v i d u a l  u n i t s .  Burrowed,  
f i n e r  g r a i n e d  1 1me g r a l n s t o n e  Is common 1n the uppermost  
p o r t i o n  of  each bed.  The d e t r l t a l  c o n t e n t  1s s l i g h t l y  l ess  
than t h a t  1n L i t h o f a c l e s  I X ,  and mol lusks and oys t e r s  are  
aga in  the most abundant  a l l ochems.  A s t r a t i g r a p h l c a l l y  
t h i n n e r  se t  of  a c c r e t i o n  beds,  as s o c i a t e d  wi t h  smal l  chan­
nels (F1g.  10 G; F1g.  11 B ) ,  is r a r e l y  p r e s e n t  a t  the top 
of  t h i s  sequence;  these beds d i s p l a y  d i p  d i r e c t i o n s  oppo­
s i t e  ( n or t h wa r d )  those of  the u nd e r l y i n g  u n i t .
Upper Of f shor e  ( I X ) .  For eshore ,  and 
Backshore (Xj  Envi ronments
I n t e r p r e t a t i o n
S t r i c k l i n  and Smith ( 1968 )  recogni zed  the upper Cow 
Creek Limestone as r e p r e s e n t i n g  a r e g r e s s i v e  beach sequence.
F i g u r e  11.  P h o t o g r a p h s :  L i t h o f a c l e s  X and X I .
A. Wel l  s o r t e d ,  we l l  rounded mol lusk l ime g r a l n s t o n e  
( Fac i es  X ) .
B. Channel c u t  i n t o  beach backshore a t  top of  beach 
f o r es hor e  a c c r e t i o n  beds.
C-D.  T i g h t l y  packed nodules ( Fac i e s  X I )  of  c a l i c h e
o r i g i n  a t  top o f  beach sequence.  I r r e g u l a r ,  pock­
marked upper beach s u r f a c e  in D.
E. D i s t o r t e d  do l omi t e  l a y e r  ( Fac i e s  X I I )  on top of  
nodular  s e c t i o n ;  taken as ev i dence of  expansion  
of  nodul ar  s e c t i o n  dur i ng  c a l 1 c h 1 f 1 c a t 1 o n .
F. Dolomi te  and m l c r l t e  cemented beach Hme g r a l n s t o n e  
from lowermost  nodules ( F ac i e s  X I ) ;  g r a i n s  are  
bored and encrusted w i t h  m1 c r 1 t e - do l o m1 c r 1 t e .
G. Dolom1t1c 1 1me wackestone;  f r a c t u r e  f i l l e d  wi th  
spar cement and I n f i l t r a t e d  vadose s i l t .
H. F r ac t ur es  1n l ime wackestone which cut  through  
m a t r i x  and c i r c u ms c r i b e  I n d i v i d u a l  g r a i n s
( "c1rcumgr anul ar  c r a c k s ” ) .
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The upper o f f s h o r e  zone of  the conceptual  beach model  
(Bernard and o t h e r s ,  1962;  B a l l ,  1967)  is c h a r a c t e r i z e d  by 
the presence of  l a r g e - s c a l e  f e s t oo n  ( t r o u g h )  c r o s s ­
s t r a t i  f 1cat1on . This c r oss- beddi ng  type r e s u l t s  from the 
m i g r a t i o n  of  dunes,  a bed form t h a t  develops 1n the middle  
to upper p a r t  of  the lower  f l ow regime (Harms and Fahn-  
s t o c k ,  1965;  Simons and o t h e r s ,  19 6 5 ) .  Longshore c ur r e n t s  
p a r a l l e l i n g  the s t r a n d l l n e  g i v e  r i s e  to f es t oon  c r o s s ­
bedding and r i p p l e  t r a i n s  o r i e n t e d  p e r p e n d i c u l a r  to the  
di p  of  the f o r e s h o r e  beds ( B a l l ,  1967;  P o t t e r ,  1967 ) .
Each a c c r e t i o n  u n i t  r e p r e s e n t s  a s i n g l e  f o r e s hor e  
d e p o s l t l o n a l  ev ent  1n which the beach was extended seaward.  
Sediment  was washed up and depos i t ed  on the g e n t l y  s lopi ng  
f o r e s h o r e  by b r eak i ng  waves.  These sediments do not 11e 
a t  t h e i r  angle  of  repose (as they do 1n a g r a v i t y  con­
t r o l l e d  ava lanche d e p o s i t )  because the sediments were de­
p os i t e d  as a t r a c t i o n  load from high t a n g e n t i a l  f l ow  
v e l o c i t y  c u r r e n t s  se t  up by waves break i ng in the beach 
swash zone ( I m b r l e  and Buchanan,  19 65 ) .  Due to the coarse  
sediment  s i z e ,  l a m i n a t i o n s ,  c h a r a c t e r i s t i c  of  the swash 
zone ( A l l e n ,  1963)  a r e  almost  i n v a r i a b l y  absent  or d i f f i ­
c u l t  to d 1 s t l n g u l s h .
The wat e r  depth 1n which the upper o f f s h o r e  sequence 
was depos i t ed  1s e s t i mat e d  by the t h i c knes s  of  the f o r e ­
shore u n i t  ( I . e . ,  f o r  a 20'  t h i c k  f o r e s ho r e  s e c t i o n ,  o f f ­
shore dunes were forming 1n 20 f e e t  of  w a t e r ) .  The
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d i s t a n c e  from shore to the longshore c u r r e n t s  can be ap­
proximated by c a l c u l a t i n g  { water  d e p t h ) / ( t angent  of  a c c r e ­
t i o n  bed d i p  a n g l e ) .  At  Cow Creek,  the f o r e s hor e  u n i t  1s 
ten f e e t  t h i c k  and dips range from 6 ° - 1 4 ° ;  the d i s t a n c e  to 
the upper o f f s h o r e  dune area was 6 0 ' - 1 4 Q l , and the water  
depth was a p p r o x i ma t e l y  10 f e e t .
The nor thward d i pp i ng  a c c r e t i o n  u n i t  a t  the beach 
top r e p r e s e n t s  e i t h e r  the landward d i p p i n g  p o r t i o n  of  a 
beach berm or washover fan ( F1 g . 10 G) t h a t  was deposi ted  
by a storm which cut  channels through the beach berm and 
splayed sediment  i n t o  the backshore ar ea .
Br e c c l a t e d  Lime Wackestone ( L l t h o f a d e s  X I )
Desc r1pt1on
F i e l d  r e l a t i o n s  suggest  t h a t  nodul ar  l i mest one  
( L i t h o f a c l e s  X I )  1s only s p o r a d i c a l l y  p r esent  a t  the top  
of  the beach; a t  l o c a t i o n  17 (Cow Creek,  F1g.  1 ) ,  f o r  
example,  the nodules a r e  p r esent  In the o u t c r o p ,  but  are  
absent  in a core d r i l l e d  only  a few hundred f e e t  away.
This t i g h t l y  packed nodul ar  zone ( F i g .  11 C) r e s t s  on an 
i r r e g u l a r ,  pock-marked upper beach s u r f a c e  (F1g.  11 D) and 
where t h i s  f a c i e s  1s wel l  developed 1t  a t t a i n s  a maximum 
th i ckness  of  f i v e  f e e t .  Al though the c o n t a c t  1s d i s t i n c t  
1n the f i e l d ,  no sharp cont ac t  between nodules and under ­
l y i n g  beach m a t e r i a l  can be recogni zed  1n t h i n  s e c t i o n s .  
Ov e r l y i ng  beds are o f t e n  d i s t o r t e d  and f o l l o w  the
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i r r e g u l a r i t i e s  developed on the upper s u r f a c e  of  L i t h o f a ­
c l es  XI ( F i g .  11 E) .
D o l o m i c r l t e  and mi c r 1 t e - cement ed  g r a l n s t o n e  a t  the  
base o f  t h i s  f a c i e s  grade upward i n t o  wackestone ( F i g .  11 
F , G, H) ,  which c ont a i ns  p r o g r e s s i v e l y  fewer  f l o a t i n g  
o y s t e r  and q u a r t z  g r a i n s .  B i o c l a s t s  in both d e p o s i t s  are  
e x t e n s i v e l y  bored and b r e c c i a  cracks f i l l e d  w i t h  i n f i l ­
t r a t e d  ca l ca r eous  s i l t  and s pa r r y  c a l c l t e  cut  through  
g r a i n s  and g r u mos e - pe l 1eted appear i ng  m a t r i x ;  o f t e n ,  cracks  
c i r c u m s c r i b e  i n d i v i d u a l  g r a i n s  and then cont inue  through  
the m a t r i x  ( F i g .  11 G, H) .
"Mar ine"  Fung-Algal  C a l i c h e  Envi ronment  ( X I )
I n t e r p r e t a t 1 o n
A l l  the above ment ioned p r o p e r t i e s ,  plus the c h a r a c ­
t e r  of  the o v e r l y i n g  f a c i e s ,  suggest  t h a t  the nodular  zone 
r e p r e s e n t s  a p a l e o c a l i c h e  which developed by the a l t e r a t i o n  
of  upper beach m a t e r i a l  1n the backshore zone wh i l e  t h i s  
area was s t i l l  i n f l u e n c e d  by mixed m a r i n e - f r e s h  wat ers .
The d e p o s i t  i s  t h e r e f o r e  termed "marine" c a l i c h e  to d i s t i n ­
guish 1 t  from the c a l i c h e  pa l eoso l s  which are p r esent  1n 
the o v e r l y i n g  a l l u v i a l  p l a i n  f a d e s .  The o r i g i n  of  the 
m l c r l t e  and d o l o m i c r l t e  cements and g r a i n  bor ings 1s a t ­
t r i b u t e d  to the a c t i v i t y  of  1n t e r p a r t 1 c u 1 a t e  fungi  and 
a l g a e ,  and p r e c i p i t a t i o n  from ascending and descending  
vadose wa t e r s .  E. A. Shinn and R. K. Matthews (personal
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communicat ions,  1971)  r e p o r t  s i m i l a r  s o i l  hor i zons forming  
in near s t r a n d l i n e  p o s i t i o n s  from the Pers i an  Gul f  and Bar ­
bados.  Logan,  Read,  and Davies ( 1970 )  f i n d  numerous c a l ­
c r e t e  ( c a l i c h e )  nodul ar  zones d i s p l a y i n g  p a r a l l e l  rock 
f a b r i c s  and d l a g e n e t l c  t e x t u r e s  in c o a s t a l  P l e i s t o c e n e  de­
pos i t s  from Sharks Bay,  A u s t r a l i a .
Two e a s i l y  recogni zed  s t r u c t u r a l  p r o p e r t i e s  t y p i f y  
c a l i c h e  s o i l  hor i z ons :  v o l u m e t r i c  expansion of  the se­
quence,  and the presence o f  packed.  I r r e g u l a r  nodules.  
Buckl ing and bowing of  beds,  and f r a c t u r i n g  1n c a l i c h e  
sequences a r e  caused by d e s i c c a t i o n  and expansion r e s u l t i n g  
f rom the c o n t i n u a l  a d d i t i o n  of  ca l c i um carbonate  to the  
s e c t i o n  (Reeves,  1970;  Young, 1964;  Blank and Tynes,  1965 ) .  
G i l e  and Hawley (1966)  and Reeves (1970)  note t h a t  nodul es ,  
formed through the s o l u t 1 o n - r e d e p o s 1t i o n  of  ca l c i um c a r ­
bonat e ,  c h a r a c t e r i z e  mature c a l i c h e  p r o f i l e s .  The l a m i ­
nated c r u s t  o f  the High P l a i ns  c a l i c h e s  (Reeves,  1970)  and 
the F l o r i d a  Keys ( M u l t e r  and H o f f m e l s t e r ,  1968)  did not  
develop on the top o f  the Cow Creek beach; the reason f or  
i t s  absence 1s consi dered on page 127.
When t h i s  c a l i c h e  d e p o s i t  1s i n t e r p r e t e d  1n an 
e n v i r o n me n t a l - p a l e o g e o g r a p h l c  c o n t e x t ,  the e x i s t e n c e  o f  a 
s i g n i f i c a n t  s t r a t 1graphlc  h i a t us  a t  the base of  the c a l i c h e  
(F1g.  4 ) ,  as p o s t u l a t e d  by Lozo and S t r i c k l i n  ( 1 9 6 5 ) ,  
S t r i c k l i n  and Smith ( 1 9 6 8 ) ,  and S t r i c k l i n  and others  (1971)  
becomes u nt enab l e .  I t  1s more l o g i c a l l y  concluded t h a t  the
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Hensel  Sand is a r e g r e s s i v e  f l u v i a l  d e p o s i t  r a t h e r  than  
t r a n s g r e s s i v e  e s t u a r i n e  or f l u v i a l  ( ? ) .  The absence of  a 
hi a t us  1s also s u b s t a n t i a t e d  by the presence of  c a l i c h e  
c l a s t s ,  w i t h  f a b r i c s  i d e n t i c a l  to  those of the nodular  
zone,  reworked i n t o  the u n d e r l y i ng  Cow Creek beach beds.
I f  t r a n s g r e s s i o n  over  an exposed beach top had occ ur r ed ,  a 
zone of  c a l i c h e  lag depos i t s  or  reworked beach c l a s t s  would 
be present  a t  the base of  the Hensel .  Such a d e p o s i t ,  how­
e v e r ,  has not  been found.
T h i n l y  Bedded Dolomi te  ( L i t h o f a c l e s  X I I )
Descr i  p t i  on
This h i g h l y  l o c a l i z e d  d o l omi t e  f a c i e s  is developed  
a t  only  f i v e  outcrops (F1g.  4 ) .  I t  I s  never  more than 7 
f e e t  t h i c k  and tends t o  t h i c k e n  and t h i n  over  the topog­
raphy developed on the beach top ( F1 g . 11 D, E) .  The t h i n ,  
i r r e g u l a r  do l omi te  mudstone beds,  and t h i n l y  bedded dol o-  
m l t i c  l ime wackestone are r i c h  1n quar t z  s i l t  and c l a y .  
B i o c l a s t i c  d e b r i s  in  the 11me wackestone cons i s t s  of  a l g a e ,  
o s t r a c o d s ,  and smal l  gastropods {F1g.  12 A) .  At  l o c a t i o n s  
3,  13,  and 17,  b l ack  or  1 r on- s t a1ned b r e c c i a  c l a s t s  
( M g .  12 B) are found in a s s o c i a t i o n  wi t h  t h i s  d e p o s i t ,  
and the 11me wackestone I t s e l f  d i s p l a y s  the expansion-  
d e s i c c a t i o n  f e a t u r e s  noted in L i t h o f a c l e s  XI ( F i g .  11 G, H; 
p. ) .  Dolomi te  beds,  composed of  coarse do l om1cr ospar , 
al so e x h i b i t  these f e a t u r e s ,  a long w i t h  i r r e g u l a r l y  shaped,
F i g u r e  12.  P h o t o g r a p h s :  L i t h o f a c l e s  X I I  and X I I I .
A. A l g a l ,  os t racod l ime wackestone from s u p r a t l d a l  
pond { Fac1es X I I ) .
B. Br e c c i a t e d  d o l o m i t e - 1 ime mudstone a s s o c i a t e d  wi th  
Facies X I I  and lowermost  p a r t  of  Facies X I I I ;  
br e c c i a  c l a s t s  a r e  b lack ( p y r l t e )  or  i r o n - s t a i n e d ;  
i n t e r p r e t e d  as forming along margins of  s u p r a t i d a l  
h y p e r s a l i n e  l ak e s .
C-D.  Storm depos i t e d  l a y e r s  ( w h i t e  in C) from supr a ­
t l d a l  Fac ies X I I  t h i n l y  bedded d o l o m i t e .
E. Poss i b l e  r o o t l e t  cast s  In c o a r s e l y  c r y s t a l l i n e  
d o l omi t e  ( X I I ) .
F - G . Festoon cross-bedded pebbl y ,  Immature subarkosic  
ss.  ( Fa c i e s  X I I I )  and massi ve,  graded,  l e n t i c u l a r  
bodies o f  pebbly ss.  and d o l o m i t e  pebble con­
g l ome r a t e ;  a l l u v i a l  channel  f i l l s .
H. V e r t i c a l  l ime mudstone c a l i c h e  nodules 1n red mud­
stone of  a l l u v i a l  f l o o d p l a l n  o r i g i n  ( F a c i e s  X I I I ) .
42
Figure 12.
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more f i n e l y  c r y s t a l l i n e  nodular  zones ( F i g .  12 C, D) and 
po s s i b l e  r o o t l e t  cast s  (F1g.  12 E) .
S u p r a t l d a l  Marsh-Lake Envi ronment  ( X I I )
I n t e r p r e t a t i  on
The l ime wackestones are I n f e r r e d  to r e pr e s e n t  
h y p e r s a l i n e  l ake d e p os i t s  on the basis of  t h e i r  depos l -  
t i o n a l  t e x t u r e ,  r e s t r i c t e d  f o s s i l  c o n t e n t  ( a l g a e ,  o s t r a -  
cods,  and smal l  mo l l usk s )  and s t r a t l g r a p h l c  p o s i t i o n .  The 
l ake  sediments d i s p l a y  the c a l i c h e  f a b r i c s  of  Facies X I ,  
plus they are found as s o c i a t e d  wi t h  c a l i c h e  b r e c c i a  c l a s t s  
(F1g.  12 B) .  Ward and ot her s  ( 1970)  r e p o r t  blackened  
b r e c c i a t e d  c a l i c h e s  along the margins of  coast a l  hyper ­
s a l i n e  l akes 1n Mexico.  Ephemeral  h y p e r s a l i n e  lakes e x i s t  
behind coast a l  beach r i d g e s ,  dunes,  and 1 n s u p r a t l d a l  
areas t hroughout  the Ca r r l b e a n  ( De f f e y e s  and o t h e r s ,  1965;  
Shinn and o t h e r s ,  1 9 6 9 ) ,  Western A u s t r a l i a  (Logan and 
o t h e r s ,  1 9 7 0 ) ,  Turkey ( M u l l e r  and I r i o n ,  1 9 6 9 ) ,  and many 
o t h e r  l o c a t i o n s .
The do l omi t e  mudstone beds l ack  a l ga l  s t r u c t u r e s ,  
l a m i n a t i o n s ,  f e n e s t r a l  f a b r i c s ,  d e s i c c a t i o n  cracks and 
f l a t  pebbles which are consi dered to be d i a g n o s t i c  of  
s u p r a t l d a l  envi ronments (Shinn and o t h e r s ,  1969;  Shinn,  
1968;  Kendal l  and Sk1pw1th,  19 6 8 ) .  However,  I t  1s here  
I n t e r p r e t e d  as a s u p r a t l d a l  marsh d e p o s i t  because:  1 ) I t s
s t r a t i  g r aph i c  p o s i t i o n  above,  and thus shoreward f rom,  the
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beach;  2 ) a s s o c i a t i o n  wi t h  h y p e r s a l i n e  l a k e  d e p o s i t s ;  and 
3) the presence of  probabl e  r oot  casts  (F1g.  12 C) and 
l i g h t  c o l o r e d ,  n o d u l a r ,  storm d epos i t e d  l a y e r s  (Shinn and 
o t h e r s ,  1969;  t h i s  paper ,  F1g.  12 A) .  The absence of  many 
s u p r a t l d a l  sedimentary  s t r u c t u r e s  Is a t t r i b u t e d  to d o l o ­
mi te  r e c r y s t a l  1 1 z a t l o n  and d i s t o r t i o n  caused by the 
e x pans i on- heav i ng  of  the u n d e r l y i n g  nodul a r  zone.  This  
l a t t e r  o b s e r v a t i o n  a lso suggests t h a t  the nodul ar  zone de­
veloped dur i ng  and a f t e r  d e p o s i t i o n  of  t h i s  do l omi te  u n i t .  
A t h i c k ,  more w e l l - d e f i n e d  s u p r a t l d a l  sequence is  l a c k i n g  
due to r a p i d  p r o g r a d a t i o n  and high energy c o a s t l i n e  c o n d i ­
t i o n s ,  which caused the d i sp l acement  o f  most mar ine c a r ­
bonate muds to  deeper  o f f s h o r e  wa t e r s .  With t h i s  l ack  of  
abundant  nea r - s hor e  l ime muds, the s u p r a t l d a l  env i ronment  
was sediment  s t a r v e d ,  a l l o w i n g  the beach top sediments to 
be ca 1 1  c h 1 f  1 ed .
Hensel  Sandstone 
Red Mudstone-Sandstone ( L i t h o f a c l e s  X I I I )
D e s c r l p t l o n
L i t h o f a c l e s  X I I I  I s  over  80 f e e t  t h i c k  a t  the Cow 
Creek p l nch out ;  1 t  t h i n s  r a p i d l y  to l ess than 25 f e e t  a t  
Cow Cr eek ,  a d i s t a n c e  of  12 mi l es  d i r e c t l y  p e r p e n d i c u l a r  
to d e p o s l t l o n a l  s t r i k e  (F1g.  1 ) .  The best  developed l e n ­
t i c u l a r  channel  s e c t i o n  (F1g.  12 F,  G) occurs 10 to 15
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f e e t  above the beach sequence a t  Cow Creek,  but 1s found 
p r o g r e s s i v e l y  h i ghe r  1n the s e c t i o n  toward the L lano.  I t  
is separated from the beach top by r e d ,  maroon,  and green 
mudstone c o n t a i n i n g  v e r t i c a l  l ime mudstone nodules  
( F i g .  12 H) and l e n s e s .  Channel  f i l l s  are r a r e l y  encoun­
te r ed  w i t h i n  a few f e e t  of  the beach top and,  where p r e s ­
e n t ,  they never  cut  I n t o  the backshore or f o r es hor e  s e d i ­
ments.
The channel  depos i t s  are composed o f  subarkose and 
dol omi te  pebble conglomerates (F1g.  12 G) .  Pebbles are  
wel l  rounded;  sands are poor l y  sor t ed  and a n g u l a r ,  and the 
f e l d s p a r s  are ex t r e me l y  f r e s h .  In complete s e c t i o n s ,  mas­
s i ve  sandstone and conglomerate beds,  w i t h  sharp scoured 
lower  c o n t a c t s ,  grade upward I n t o  f es t oon  cross-bedded  
sandstone.  The mean g r a i n  s i z e  and sc a l e  of  c r oss- bedding  
decreases upward.  In most sequences,  however ,  channels  
are superposed,  and younger  channels cut  I n t o  the tops of  
o l d e r  channel  depos i t s  l e a v i n g  on l y  the lower  p a r t s  o f  the  
channel  f i l l .  Sand and pebbles 1n these u n i t s  are some­
t imes cemented wi t h  c a l c i t e ,  and reworked f ragments of  
these cemented c l a s t s  a r e  o f t e n  found in the channel  f i l l s .
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A l l u v i a l  P l a i n  Envi ronment  ( X I I I )
I n t e r p r e t a t 1 on
The red mudstone and v e r t i c a l l y  ar ranged l ime mud­
stone nodules a r e  I n t e r p r e t e d  as being a l l u v i a l  f l o o d p l a i n  
depos i t s  ( N a g t e g a a l ,  1969 ) .  The types and d i s t r i b u t i o n  of  
sedimentary  s t r u c t u r e s ,  v e r t i c a l  v a r i a t i o n  of  g r a i n  s i z e  
w i t h i n  the l e n t i c u l a r  sandstone and conglomerate s e c t i o n ,  
m i n e r a l o g y ,  and the a s s o c i a t i o n  of  t h i s  u n i t  wi th  red mud­
stones I n d i c a t e  t h a t  1 t  r e pr es en t s  a l l u v i a l  channel  and 
1n t e r - c h a n n e l  depos i t s  ( V i s c h e r ,  19 65 ) .
The nodules and c a l c i t e  cemented sands are c a l i c h e  
pal eosol s  formed on the f l o o d p l a i n  and a t  the tops of  
f i l l e d ,  abandoned channels dur i ng  slow r a t e s  of  d e p o s i t i o n  
( Ruh l e ,  1967;  Na g t e g a a l ,  19 6 9 ) .  Ca l1ch1f1ed a l l u v i a l  s e d i ­
ments are common throughout  the a r i d  to seml ar l d  sout h ­
western Uni ted S t a t e s  ( f o r  example,  see Reeves,  1970;  G11e 
and Hawley,  1966 ) .  The nodul ar  and o f t e n  p i p e l i k e  c h a r a c ­
t e r  of  c a l i c h e s  formed 1n f i n e  g r a i ned  sediments (Reeves,  
1970)  I s  a d i a g n o s t i c  c r i t e r i o n  used f o r  the r e c o g n i t i o n  
of  c a l i c h e  paleosol  ho r i z o ns .  Nagegaal  ( 1969 )  f i n d s  s i m i ­
l a r  nodular  c a l i c h e  zones 1n red mudstones from the Permian 
of  Spain,  and C a s t l e  ( 19 69 )  r e p o r t s  nodular  c a l i c h e s  from 
Texas T r i n i t y  D i v i s i o n  rocks to the nor thwest  of  the p r e s ­
ent  study ar ea .
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Pa 1eoc11matology
Evidence concerning the c l i m a t e  which e x i s t e d  d u r ­
ing Middle  T r i n i t y  t ime is  obt a i ned  from the presence of  
p a l e o c a l 1ches , and the c l a y  mi ner a l ogy  of  L i t h o f a c i e s  X I -  
X I I I .  F u r t h e r  documentat ion 1s o f f e r e d  by the unweathered  
nat ur e  of  the f e l d s p a r s  1n the Hensel  a l l u v i a l  sands and 
the e x i s t e n c e  of  e v a p o r l t e s  in the basal  s u p e r j a c e n t  Glen 
Rose Limestone.
The e x i s t e n c e  of  a s e a s ona l ,  hot  a r i d  c l i m a t e  1s 
suggested by the c a l i c h e  pa l eoso l s  which occur  a t  the top 
of  the Cow Creek beach,  and w i t h i n  the a l l u v i a l  p l a i n  se ­
quence.  C a l i c he s  form under a wide range of  c l i m a t e s ,  but  
are nor mal l y  absent  1 n c o n t i n u a l l y  hot  and a r i d  dry r e ­
gions because of  the l ack  o f  s u f f i c i e n t  downward p e r c o l a t ­
ing wat e r  (Reeves,  19 7 0 ) .  I n s t e a d ,  the f a v o r a b l e  e n v i r o n ­
ment f o r  the f o r ma t i on  of c a l i c h e  Is one In which the 
I n f i l t r a t i o n  r a t e ,  plus the temper a t ur e  range and amount  
of  p r e c i p i t a t i o n  throughout  the y e a r ,  are balanced such 
t h a t  l ea ch i ng  by downward p e r c o l a t i n g  waters 1 s f o l l owed  
r a p i d l y  by an upward c a p i l l a r y  removal  of  water  through  
e v a p o r a t i o n .  Ar k l ey  ( c i t e d  1n Reeves,  1970)  s t a t e s  t h a t  
"one would expect  c a l i c h e  a t  even h i gher  r a i n f a l l s  than 
25" 1n h o t t e r  c l i m a t e s ,  and a t  lower  r a i n f a l l s ,  provided  
the p r e c i p i t a t i o n  1 s c once nt r a t ed  1 n a cool  p e r i o d ,  f o l ­
lowed by a d r y ,  hot  summer as 1n Med i t e r r anean  c l i m a t e s . "  
According to Rut te  ( 1 9 6 8 ) ,  1n a study on the e a s t e r n  coast
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of  Spain*  c a l i c h e  nodules form where the annual  p r e c i p i t a ­
t i o n  1 s a p pr ox i ma t e l y  2 0 ” ; in  t h i s  s i t u a t i o n  high t empera­
tur es  and the c o n c e n t r a t i o n  of  r a i n  1 n one season are the  
f a c t o r s  c o n t r o l l i n g  the c a l i c h e  development .  Thus,  a sea­
sonal  a r 1 d-semi  a r i d  c l i m a t e  seems to be i dea l  f o r  c a l i c h e  
f o r m a t i o n ,  assuming t h a t  s u f f i c i e n t  carbonate  i s  a v a i l a b l e .
The c l a y  mi ner a l ogy  of  Hensel  mu d s t o n e - c a l 1c h e s , 
and the "mar ine"  c a l i c h e  a t  the beach top 1 s a l so I n d i c a ­
t i v e  o f  a r 1 d - s e m i a r 1 d c o n d i t i o n s ;  c l a y  analyses o f  these  
u n i t s  are summarized 1n Table 1.  I t  was found t h a t  1111te  
( 3 5 . 6 7  wt .  %) and s m e c t i t e  ( 16 .39%)  are the dominant  c l a y  
m i n e r a l s ;  c h l o r i t e  makes up between 0% and 48% (average  
15.37%) of  the c l a y  f r a c t i o n ,  and k a o l l n l t e  g e n e r a l l y  con­
s t i t u t e s  between 3% and 10% (5.41% aver age)  of  a sample.
This c l a y  s u i t e  could r e p r e s e n t  the group of  c l ays  
which was d e r i v e d  from the Llano source a r ea .  However,  
t h i s  hypothes is  r e q u i r e s  the c o r o l l a r y  t h a t  no c l ay  a l t e r a ­
t i o n s  took place on the Hensel  A l l u v i a l  p l a i n ;  f u r t h e r m o r e ,  
s m e c t i t e  would have to be t ransf or med to o t her  c l a y  types  
upon i t s  en t r ance  I n t o  the o f f s h o r e  mar ine envi ronment  
( s m e c t i t e  1s absent  from mar ine Hammett sediments;  see 
Appendix C) .  Whi le t h i s  l a t t e r  t r a n s f o r m a t i o n  undoubtedly  
took p l ace  (Gr im,  1 9 6 8 ) ,  1t  does not  seem r easonabl e  to 
assume t h a t  no c l a y  a l t e r a t i o n  occur red on the Hensel  a l l u ­
v i a l  p l a i n .  I t  1s more l o g i c a l l y  concluded,  t h e r e f o r e ,  
t h a t  the Hensel  c l ays  r e p r e s e n t  a s u i t e  of  source area
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TABLE 1
Cl ay M i n e r a l  A n a l y s i s  of  "Mar i ne"  C a l i c h e  
and Hensel  A l l u v i a l  P l a i n  Sediments  
<2u f r a c t i o n
Samel e
No.
X
In so 1 . 
Res.
Smec t l t e
Mixed 
Laye red 
111 1 t e
K a o l i  ni  t e C h l o r i t e Qu a r t z
- 2 5 * 4 . 4 4 8 . 7 0 4 0 . 3 2 8 . 4 8 20 . 9 0 21 , 60
- 2 6 * 6 . 6 5 3 . 7 3 27 . 6 6 9. 88 20. 02 38.  73
- 2 8 * 3 . 9 2 1 8 . 1 5 2 3 . 8 5 14 . 19 23.  54 20.  27
- 2 9 * 12. 90 13.  36 56.  23 6. 51 11 . 97 1 1 . 93
-17  + 10. 84 7.  57 42.  68 8 . 0 4 12 . 32 29.  38
- 1 8  + 20 . 2 8 9.  91 37.  98 7 . 0 6 14 . 33 30.71
- 1 9 ( 1  ) + 12. 10 0.  00 23.  79 1 6 . 8 5 26.  13 33.  23
- 1 9 ( 2 ) + 15 . 9 0 0 . 0 0 27.  29 11.  72 18. 17 4 2 . 8 2
- 2 3 ( 1  ) ♦ 35 . 0 8 11 . 14 37.  40 0 . 0 0 34. 75 1 4 . 06
- 2 3 ( 2 ) 0 2 4 . 9 8 19.  07 42.  47 0. 00 24. 95 1 3. 52
0-1 + 7 7 . 3 5 12.  39 28.  09 0.  00 48 . 3 0 1 1 . 22
7 - 5 7 * 6 .80 0 . 0 0 73.  56 1. 20 5 . 74 1 9. 39
7 - 5 8 * 9 . 5 4 0.  00 70.  30 0 . 0 0 10. 36 1 9. 34
7 - 5 9 * 2 7 . 5 4 15.41 3 4 . 9 6 2 . 62 11 .24 35.  77
7 - 6 0 * 14 . 12 27 .24 22.  09 3. 94 0 . 0 0 46.  79
7 - 6 1 * 3 . 2 0 17. 81 31 . 27 2. 43 8 . 0 6 40.  45
7 - 6 2 * 1 .00 1 8 . 4 9 41 . 86 2 .23 a.  30 29.  12
7 - 6 3 * 5 . 8 0 12 . 79 28.  37 5. 69 10 . 73 42.  42
7 - 6 4 * 9 . 0 0 15.41 35.  27 3 . 0 3 5.71 40.  55
7 - 6 5 * 9 . 2 0 1 7 . 1 5 27.  90 6 . 4 8 14.  77 33.  70
7 - 6 6 * 10. 34 16 . 54 25 . 3 7 2 . 7 7 6. 30 49.  00
7-67  + 9 0 . 3 8 12 . 96 33 . 4 3 7 . 4 9 14.81 31 . 32
7 - 69o 2 3 . 2 8 19 . 62 4 4 . 1 0 4.  66 1 3.81 1 7, 81
7-70  + 4 6 . 1 8 2 6 . 3 3 33.  31 0 . 0 0 11. 55 2 8 . 8 3
7-71 + 15 . 44 3 3 . 3 6 35.  78 1 . 68 1 2. 69 10. 64
7 - 720 59 .98 21 . 67 49.  23 0 . 0 0 9. 97 19. 13
7 - 730 ---- 23.  26 34.  78 2. 71 9 . 06 30.  20
8 - 77  + 99. 00 3 0 . 4  7 13 . 13 10 . 88 21 . 33 24.  19
8 - 78o 41 .92 3 9 . 4 8 0.  00 14.11 26. 18 20.  33
8 - 8 0 ( 1  ) + 85.  38 27 .20 42. 11 5. 70 9. 89 1 5 . 1 0
8 - 8 0 ( 2  )♦ 8 0 . 8 5 2 8 . 8 0 41 . 29 7 . 2 6 10.71 10.  36
lean 16 . 39 35 . 67 5.41 I S .  37 2 6 . 8 4
i t andar d  
Dev 1a t l o n 10. 17 14.41
4.61 9 . 64 1 1 . 53
* "Mar i ne"  c a l i c h e  
o A l l u v i a l  p l a i n  c a l i c h e  
+ A l l u v i a l  p l a i n  mudstone
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c l ays  t h a t  e s s e n t i a l l y  a t t a i n e d  e q u i l i b r i u m  wi t h  the chemi ­
cal  c o n d i t i o n s  t h a t  e x i s t e d  1 n t h e i r  envi ronment  of  d e p o s i ­
t i o n .
According to Alexander  and others  ( 1 9 3 9 ) ,  Knox ( i n  
Grim,  19 6 8 ) ,  and Winters  and Simonson ( 1 9 5 1 ) ,  t h i s  s u i t e  
( i 1 1 1 t e - s m e c t i t e )  c h a r a c t e r i z e s  s o i l s  formed under h o t ,  
a r i d  c o n d i t i o n s .  Par ry  and Reeves ( 1968)  and A r l s t a r a i n  
( 1971 )  r e p o r t  t h a t  s o i l s  formed on the southern High P l a i ns  
of  Texas and e a s t e r n  New Mexico a r e  r i c h  in 1111t e  and 
s m e c t i t e .  Thus,  even though t h e r e  may have e x i s t e d  a wet ,  
c o o l e r  season,  the c o n d i t i o n s  which p r e v a i l e d  throughout  
most of  the y e a r ,  and d ur i ng  d e p o s i t i o n  of  the Hensel  Sand,  
must have approached a d e s e r t  type c l i m a t e .
Two o t he r  f a c t s  lend f u r t h e r  s u b s t a n t i a t i o n  to the  
e x i s t e n c e  of  a h o t ,  dry c l i m a t e .  The f i r s t  of  these 1s 
the o v e r a l l  f r eshness of  potassium f e l d s p a r s  in a l l u v i a l  
channel  f i l l s .  T e x t u r a l l y  Immature a r k o s l c  sediments con­
t a i n i n g  unweathered f e l d s p a r s  are i n d i c a t i v e  of  r a p i d  de­
p o s i t i o n  In hot  a r i d ,  or cold c l i m a t e s  ( F o l k ,  1968) .  
Secondly,  Forgotson (1956)  r e p o r t s  a n h y d r i t e  a t  the base 
of  the o v e r l y i n g  Glen Rose Limestone some d i s t a n c e  to the 
no r t h .  This d e p o s i t  1s a sure I n d i c a t i o n  of  a dry c l i m a t e ,  
as e v a p o r l t e s  only  f orm,  and ar e  p r e s e r v e d ,  1 n areas of  
low r a i n f a l l  (Kinsman,  1969) .
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Summary and Pa 1eogeoqraphlc Re cons t r uc t i on
The p e t r o l o g i c  p r o p e r t i e s  and env i ronmenta l  I n t e r ­
p r e t a t i o n s  of  Middle  T r i n i t y  L i t h o f a c l e s  in the study area  
are summarized 1n Table  2; 1n t h i s  c h a r t  the prime c h a r a c ­
t e r i s t i c s  used in  d e f i n i n g  each f a d e s  are c a p i t a l i z e d .
The r e c o n s t r u c t e d  pa 1eogeography and l a t e r a l  f a c i e s  r e l a ­
t i o n s h i p s  are re pr es ent ed  in  F i gur e  5.
The e a r l y  pa 1eogeographlc s e t t i n g  in which Middle  
T r i n i t y  d e p o s i t i o n  was I n i t i a t e d  was an a c t i v e  proximal  
source area f l a n k e d  to the e a s t  by an upper Sycamore a l l u ­
v i a l  p i a 1 n - t e r r a c e  envi ronment  ( L i t h o f a c l e s  l a ,  b ) .  
S t r a n d l i n e  d e p o s i t s ,  c o n s i s t i n g  of  a we l l  de f i ned  beach 
u n i t  ( L l t h o f a c i e s  I I )  and an i n t e r t i d a l - s u b t l d a l  f o s s l H f -  
erous sandstone ( L i t h o f a c l e s  I I I )  which o v e r l i e  a bored 
dol omi te  pebble zone,  mark the t r a n s i t i o n  from s u b a e r l a l l y  
dep os i t e d  Sycamore Conglomerate to s u p e r j a c e n t  mar ine  
Hammett Shale.  These u n i t s ,  along wi t h  the c l a y s t o n e -  
mustone ( I V )  and lowermost  carbonates ( V ) ,  were depos i t e d  
in l ow-ener gy o f f s h o r e  envi ronments dur i ng  the r e g i ona l  
westward mar ine t r a n s g r e s s i o n  onto the Llano U p l i f t .  This  
t r a n s g r e s s i o n  took p lace dur i ng  r e g i ona l  subsidence and 
denudat i on of  the Llano source ,  as 1s evidenced by the de ­
crease  of  i n s o l u b l e  r es i due  con t e n t  upward through c a r b o ­
nate Facies V,  and the absence of  a r epeated  c l a s t i c  
Facies IV in the o v e r l y i n g  r e g r e s s i v e  sequence.
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TABLE 2
Summary Char t  of Middle T r 1n 1 ty Li t h o f a c i e s
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The upper p a r t  o f  the i n t e r bedded  l i me s t o n e -  
dol omi te  Facies ( V ) ,  and a l l  f a c i e s  except  the uppermost  
Hensel  Sandstone,  were l a i d  down dur ing a r e g i ona l  e a s t ­
ward t r a n s g r e s s i o n .  The r e g r e s s i o n  was e f f e c t e d  by r e ­
newed u p l i f t  in the Llano area ( r e s u l t i n g  in a new supply  
of  coarse t e r r i g e n o u s  d e t r i t u s )  accompanied by a s l i g h t  
downwarplng of  the s h e l f .  The r e g r e s s i v e  sequence did not ,  
however ,  develop due to a l ower i ng  of  sea l e v e l ,  but  
r a t h e r  due to sedimentary  f a c i e s  p r o g r a d a t i o n  under ne a r l y  
s t a t i c  se a l e v e l  c o n d i t i o n s .
Shoreward from the r e l a t i v e l y  c u r r e n t - f r e e  bottom 
on which Facies V was de pos i t e d  was an area of  p r o l i f i c  
o y s t e r  growth ( F a c i e s  V I ) .  Landward toward the sha l l ower  
env i r onment s ,  shoa l i ng  areas composed of  carbonate  sand 
and mud ( Fa c i e s  V I I )  developed and acted as an e f f e c t i v e  
b a r r i e r  to the seaward t r a n s p o r t  of  f i n e  t e r r i g e n o u s  sand.  
Behind these s h o a l s ,  and 1n f r o n t  of  the r e g r e s s i v e  l ime  
gr a l n s t o n e  beach complex o f  f es t oon  crossbeds ( I X )  and 
a c c r e t i o n  beds ( X ) ,  e x i s t e d  a r e s t r i c t e d  lagoon in which 
f o s s 1 1 1 f erous q u a r t z  a r e n l t e s  and p e l l e t  1 1 me packstones  
were d e p o s i t e d .  "Mar ine"  f u n g - a l g a l  c a l i c h e s  ( X I )  and 
s u p r a t l d a l  f l a t s  ( X I I )  o c c a s i o n a l l y  developed in the beach 
backshore env i r onment .  Dur ing the gradual  eastward f a c i e s  
p r o g r a d a t i o n ,  o l d e r  mar ine u n i t s  were covered by the Hen­
sel  red mudstone and a l l u v i a l  channel  sequence ( X I I I ) .
A f t e r  the convers ion  of  a ppr ox i ma t e l y  t h i r t y  mi l es
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of  marine s h e l f  to a l l u v i a l  p l a i n ,  the source area aga in  
became denle t ed  and as subsidence c o n t i n ue d ,  marine t r a n s ­
gress i on  over  the Hensel  a l l u v i a l  sur f a ce  began.  Red mud­
stone grades upward i n t o  I n t e r c a l a t e d  Lower Glen Rose f o s -  
s i l i f e r o u s  sandstone and arenaceous do l omi te  ( Fac i es  XIV)  
which appear to r e p r e s e n t  I n t e r t i d a l  and s u p r a t i d a l  de­
p o s i t s .  With t h i s ,  the d e p o s l t i o n a l  h i s t o r y  of  the Hammett  
Shal e ,  Cow Creek L imestone,  and Hensel  Sandstone was con­
c l uded.
This i n t e r p r e t a t i o n  of  Middle  T r i n i t y  d e p o s i t i o n a l  
h i s t o r y  d i scount s  the need f o r  a l ower i ng  of  sea l e v e l  a t  
the end of  Sycamore t ime to e x p l a i n  the sporad i c  c a l i c h e  
pal eosol s  ( L i t h o f a c l e s  l b ) ,  and presumed unconf or mi t y  a t  
the top o f  the Sycamore (Lozo and S t r i c k l i n ,  1956;  S t r i c k ­
l i n  and o t h e r s ,  19 7 1 ) .  This s o i l  more l i k e l y  formed as 
the r e s u l t  o f  a s l a ck en i ng  1 n the r a t e  of  d e t r i t a l  I n f l u x  
dur i ng  the e a r l y  Hammett Shale t r a n s g r e s s ! v e  phase.  The 
e x p l a n a t i o n  a l so e l i m i n a t e s  the s i g n i f i c a n t  s t r a t i g r a p h l c  
h i a t u s  p r e v i o u s l y  i n f e r r e d  to be pr esent  a t  the top of  the  
Cow Creek (Lozo and S t r i c k l i n ,  1956;  S t r i c k l i n  and Smi th,  
1968) .  Agai n ,  the c a l i c h e  pa l eosol  t h a t  developed here  
r e pr es ent s  l o c a l i z e d  areas in which weat her i ng  proceeded  
more r a p i d l y  than d e p o s i t i o n .  The present  au t hor  b e l i e v e s  
t h a t  the presence of  pa l eoso l s  w i t h i n  a s t r a t i g r a p h l c  s e ­
quence 1 s not  s u f f i c i e n t  ev idence f o r  h y p ot he s i z i n g  
r e g i o n a l l y  " s i g n i f i c a n t  u n c o n f o r m i t i e s . "  Indeed,  the only
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" s i g n i f i c a n t  u nc on f o r mi t i e s "  in the Middle  T r i n i t y  are the 
f o s s i 1i f e r o u s  sandstone zones at  the top of  the Sycamore 
and Hensel  which mark the t r a n s i t i o n  from r e g r e s s i v e  a l l u ­
v i a l  to t r a n s g r e s s ! v e  mar ine i n t e r t i d a l  s e d i me n t a t i on .
Re cons t r uc t i on  of  the d e p o s i t i o n a l  envi ronments and 
paleogeography of  the rocks s t ud i ed  in t h i s  area is not  
considered an end in i t s e l f .  Ra t h e r ,  t h i s  r e c o n s t r u c t i o n  
provides an env i r onment a l  basis f o r  i n t e r p r e t i n g  the syn-  
ge n e t i c  and e a r l y  d i a g e n e t l c  m o d i f i c a t i o n s  of  the Cow 
Creek-Hammett  Shale sequence 1 n terms of  the d i a g e n e t l c  
c o n t r o l s  a c t i v e  In subsea carbonate  env i r onment s ,  and the  
e a r l y  pa 1 eogeohydro 1 ogy of  the r e g i o n .
CARBONATE DIAGENESIS
General
Glnsburg ( 1 9 57 )  po i n t ed  out  t h a t  e a r l y  d i agenes i s  
(processes a c t i n g  a t  or  s l i g h t l y  below the sed 1 ment - wat er  
I n t e r f a c e  [Emery and R l t t e n b e r g ,  1 9 5 2 ] )  "may not  obscure  
the sedimentary  e n v i r on me nt ,  and i t  may l eave  a record of  
the c o n d i t i o n s  o f  d e p o s i t i o n ,  whi ch,  in some cases,  1 s j u s t  
as c l e a r  as c l ues  present ed  by p u r e l y  d e p o s l t l o n a l  f e a ­
t ur es  . "
As Purdy so a p t l y  I n d i c a t e s  ( 1 9 6 8 ) ,  the carbonate  
d i a g e n e t l c  r e s e a r c h e r  should be concerned more " 1 n d i f f e r ­
e n t i a t i n g  subsea,  s u b a e r i a l ,  and deep subsur face  d i a g e n e t l c  
processes and e f f e c t s "  r a t h e r  than 1 n p l a c i n g  an e a r l y  or  
l a t e  t ime c o n n o t a t i o n  on these processes ,  as these terms 
c a r r y  d i f f e r e n t  meanings to  d i f f e r e n t  i n d i v i d u a l s .  Purdy 
( 1968 )  s t a t e s  t h a t  " the type of  a l t e r a t i o n  a given l i t h o l o g y  
e xper i ences  1 s determi ned by I t s  p o s t - d e p o s i t 1 onal  e n v i r o n ­
ment ,  w h i l e  the degree of  a l t e r a t i o n  1 t  ex per i e nc es  is de­
termi ned by i t s  res i dence  t ime 1n t h a t  env i r onme nt . "  The 
d i a g e n e t l c  m o d i f i c a t i o n s  and f a b r i c s  d e l i n e a t e d  1n the Cow 
Creek Limestone and Hammett Shale are a l l  consi dered 1n 
terms o f  d i a g e n e t l c  or d e p o s l t l o n a l  env i ronments .
The code and t e r mi no l ogy  proposed by Folk (1965)  f o r
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d e s c r i b i n g  d i a g e n e t l c  carbonates  1 s used f o r  most of  the  
carbonat e  g r a i n  and m a t r 1x-cement  d l a g e n e t i c  f a b r i c s .  The 
d e t a i l e d  code f o r  d i a g e n e t l c  c a l c l t e  from Folk i s  p r e ­
sented 1n Appendix D6 . An e x p l a n a t o r y  resume of  p e r t i n e n t  
d l a g e n e t i c  t e r mi no l ogy  used t hroughout  the t e x t  is p r e ­
sented below.
Neomorphism, neomorphic c a l c i t e  ( F o l k ,  1 9 6 5 ) — "a 
c o l l e c t i v e  term f o r  both I n v e r s i o n  and r e c r y s t a l  1 1 z a t i o n ,  
or where the exact  process [ o f  t r a n s f o r m a t i o n  or  o r i g i n a l  
mi n e r a l og y ]  i s  not  known." Neomorphic c a l c l t e  is the c a l ­
c i t e  formed through neomorphism.
I n v e r s i o n ,  I n v e r t e d  ( F o l k ,  1 9 6 5 ) - - t h e  process by 
which a r a g o n i t e  1 s t ransfor med i n t o  c a l c l t e  1 n the s o l i d  
s t a t e ,  but  1 n the presence o f  f l u i d s .
Re c r y s t a l  11z a t i o n  ( F o l k ,  1 9 6 5 ) - - t h e  change 1n the 
s i z e ,  shape,  or  o r i e n t a t i o n  of  c r y s t a l s  w i t h o u t  an a t t e n ­
dant  change 1 n t h e i r  m i n e r a l og y .
M1 c r 1 t e ,  mi c r o s p a r ,  pseudospar ( F o l k ,  1962,  1 9 6 5 ) - -  
neomorphlc c a l c l t e  s i z e  terms:  m i c r l t e ,  mi c r o s p a r ,
5m-30m; pseudospar ,  >30y.  I f  mi ner a l ogy  is d o l o m i t e ,  each 
1 s p r e f i x e d  wi t h  d o l o - .
Spar ( F o l k ,  1 9 6 2 ) - - c l e a r , p r e c i p i t a t e d  c a l c l t e  
cement w i t h  equant ,  b l a de d ,  or  f i b r o u s  morphology.
Moldic  void and moldic  c a v i t y  f 1 1 1 - - a  void formed 
by d i s s o l u t i o n ,  and o c c l u d i n g  c a l c l t e  in the v o i d ,  r e spec­
t i v e l y .
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M i c r o c r y s t a l 11ne ( m l c r l t e )  g r a i n  envelope ( B a t h u r s t ,  
1 9 6 4 ) - - t h e  p e r i p h e r a l  replacement  o f  s h e l l  m a t e r i a l  by a 
f i n e - g r a i n e d  mosaic of  ca r bonat e  c r y s t a l s .
The f o l l o w i n g  aspects of  carbonate  d i a g e n e s i s ,  and 
the d i s t r i b u t i o n  of  r e s u l t a n t  d i a g e n e t l c  m o d i f i c a t i o n s ,  
were s t u d i e d  in the a n a l y s i s  of  Hammett-Cow Creek l i m e ­
stones and d o l o m i t e s :
Gra in  Di agenes i s
M1crocr ys t a l l i ne  Gra in  Envelopes ( mi ner a l ogy  and 
morpho1 ogy)
Gra in  M 1 c r 1 t 1 z a t l o n
Grain Do 1om111z a 1 1 on
Grain I nv er s  1o n / R e c r y s t a 111z a 1 1o n - Gr a 1n D i s s o l u t i o n  
M a t r i x  Di agenesi s
Mud M a t r i x  S t a b i l i z a t i o n
Mi ne r a l ogy  ( c a l c l t e  or d o l o m i t e )
S i z e  ( m l c r l t e ,  mi c r o s p a r ,  pseudospar)
Cement Di agenes i s  
Mi ner a l ogy  
Morpho1ogy 
Size and Su bs t r a t e
D i s t r i b u t i o n  of  Fer roan and I r o n - F r e e  C a l c l t e s
S t a t i s t i c a l  Ana l y s i s
*
The p o i n t  count  f requency of  each g r a i n  t ype ,  g r a i n  
d i a g e n e t l c  m o d i f i c a t i o n ,  and ma t r l x - c e me n t  t e x t u r e s  plus  
the d e r i v e d  r a t i o s ,  from 167 t h i n  s e c t i ons  o f  the Cow 
Creek Limestone were ana lyzed accordi ng to a l e a s t  squares  
a n a l y s i s  o f  v a r i a n c e  1 n a compl e t e l y  randomized des i gn .  
Samples of  Hammett Shale carbonates and the Cow Creek
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"mar ine"  f u n g - a l g a l  c a l i c h e  were not  amenable to the p o i n t  
count  method used and thus were not  Inc luded 1 n t h i s  s t a -  
t i s t i c a l  a n a l y s l s  .
Each i n f e r r e d  envi ronment  o f  the f o ur  Cow Creek 
Limestone f a c i e s ,  combined wi t h  i t s  r e p r e s e n t a t i o n  a t  15 
o u t c r o ps ,  was des i gna t ed  as a t r e a t m e n t ;  the l agoonal  en­
v i ronment  ( f a c i e s )  V I I I  was s p l i t  i n t o  two p a r t s  because 
the sediments o r i g i n a t e d  through d i f f e r e n t  d e p o s l t l o n a l  
processes which oper a ted  w i t h i n  the same envi ronment .  Thus,  
the f i v e  envi ronments ( f a c i e s )  t h a t  were ana lyzed are:
Shoal  ( V I I ) ;  Lagoonal  Nodules ( V i l l a ) ,  Other  Lagoonal  Uni t s  
( V l l l b ) ,  Beach Upper Of f shor e  ( I X ) ,  and Beach Of f shor e  ( X ) .
Least  squares means and F - va l ues  f o r  each v a r i a b l e  
1 n each o u t c r o p ,  env i ronment  ( f a d e s ) ,  and outcrop by en ­
v i r onment  ( f a c i e s )  I n t e r a c t i o n  were c a l c u l a t e d  1 n t h i s  
des i gn .  The l e a s t  squares means (175 po i n t s  counted per  
t h i n  s e c t i o n )  f o r  the envi ronment  ( f a c i e s )  a n a l y s i s  are  
presented 1n the t e x t ;  s i g n i f i c a n c e  a t  the .95 and .99  
l e v e l s  o f  con f i dence  are I n d i c a t e d  by ( * )  and ( * * ) ,  
r e s p e c t i v e l y ,  f o r  each d l a g e n e t i c  f e a t u r e  d i s p l a y i n g  a 
s i g n i f i c a n t  v a r i a t i o n  among f a d e s .  The a n a l y s i s  o f  v a r i ­
ance t a b l e s ,  and l e a s t  squares means f o r  the outcrop and 
outcrop by envi ronment  ( f a d e s )  a na l y s e s ,  are given 1 n 
Appendix 8  a long wi t h  a b r i e f  d i s c us s i on  of  the d l a g e n e t i c  
m o d i f i c a t i o n s  which show s i g n i f i c a n t  v a r i a t i o n  1 n the o u t ­
c r op ,  or  outcrop by envi ronment  ( f a d e s )  a n a l y s i s .
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The p r o b a b i l i t y  model t h a t  t h i s  s t a t i s t i c a l  a n a l y s i s  
f o l l o w s  i s :
y = U + 0 + F + 0*F + e
where ,
y = the f r equency  o f  occur rence  o f  a given v a r i a b l e
u = the o v e r a l l  mean
0  = the e f f e c t  of  the I n d i v i d u a l  outcrop as a d e v i a ­
t i o n ,  NID (O.ctq) ,  f rom the o v e r a l l  mean
F = the e f f e c t  of  the I n d i v i d u a l  f a c i e s  as a d e v i a t i o n  
f rom the overal l  mean, NID (0 ,Op)
OxF = the e f f e c t  of  the f a c i e s  a t  a given outcrop as a 
d e v i a t i o n  from the o v e r a l l  mean, NID ( 0 , cJqx F )
e = e r r o r  term
Hammett Shale Di agenes i s
m
Cl ay M i n e r a l o g y ,  D i a g e n e s i s ,
Dol omi te  I n j e c t i o n
Descr i  p t i o n
Some d i f f e r e n c e s  between F a d e s  I I  l i mest one  and 
dol omi te  are the d i r e c t  r e s u l t  o f  s l i g h t  v a r i a t i o n s  be­
tween t h e i r  envi ronments of  d e p o s i t i o n  (p.  2 0 ) but  o t h e r s ,  
discussed h e r e ,  are of  d l a g e n e t i c  o r i g i n .  Limestones in  
the Hammett are  11me packstone composed o f  r e c r y s t a 111 zed 
l ime mud m a t r i x  and a n g u l a r ,  unsor ted b i o c l a s t s  (F1g.  13 A) .  
C o n s t i t u e n t  g r a i n s  are most ly o y s t e r s  and o t h e r  mol l usks ,  
but  a few e c h l n o l d  p l a t e s  and s e r p u l l d  worm tubes are a lso  
p r e s e n t .  Most mol lusks o t h e r  than o y s t e r s  were o r i g i n a l l y
F i g u r e  13.  Hammet t  Sha l e  l i m e s t o n e  and d o l o m i t e .
A. R e c r y s t a l l i z e d  m o l l u s k - o y s t e r  Hme packstone;  
b i o c l a s t s  a r e  angul ar  and unsor t ed;  minor  f i n e  
q t z .  sand.
B. Loafy mi crospar  ( NE2 ) grad i ng  to pseudospar;  
r e c r y s t a 1 1 1  zed mol lusk f ragment  on top and r i g h t .
C. Fibrous and bladed mi crospar  (NBO-NFO) c o n t i n u i t y  
wi t h  o y s t e r  f ragment s ;  ml crospar -pseudospar  m a t r i x .
C. Contact  between dolom1crospar  ( d a r k )  1n c on t ac t
wi t h  pseudospar ( l i g h t ) ;  c o n t a c t  I s  g r a d a t i o n a l  
on l e f t  s i de  and sharp on r i g h t  s i d e .
E. F r ac t ur ed  o y s t e r  f ragment  s e p a r a t i n g  c l a ye y  do l o -  
ml crospar  ( t op  and lower  l e f t )  f rom f r a c t u r e d  
m l c r l t l c  l i m e s t o n e ;  f r a c t u r e s  below o y s t e r  f ragment  
are f i l l e d  w i t h  c a l c l t e  spar .
F. F r ac t ur ed  m l c r l t e  l ense between I n j e c t e d  d o l o mi t e ;  
f r a c t u r e s  a r e  f i l l e d  w i t h  d o l o m l c r o s p a r .
G-H.  Compact lonal  f l o w  a l i g n e d  b i o c l a s t s  In c l a y e y ,  
s i l t y  d o l o m i t e ;  b i o c l a s t s  a l i g n e d  p a r a l l e l  to  
c o n t a c t  w i t h  l i mes t one  ( t op  o f  G, bottom of  H) .
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Figure 13.
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composed o f  a r a g o n i t e  and have undergone I n v e r s i o n  and r e ­
c r y s t a l  11z a t i o n . Oyster  s h e l l s  r a r e l y  show signs of  m1cr1-  
t i z a t i o n  and m i c r 1 t e - e n v e l o p e d  g r a i n s ,  a l though p r e s e n t ,  
are not  as common as in the o v e r l y i n g  Cow Creek u n i t s .
The m a t r i x  of  these l ime packstones is i r o n - f r e e  
and ranges from f i n e  { 5 - 1 6 u ) through coarse mi crospar  
(NEg) ,  which sometimes grades I n t o  pseudospar (>30p;
NE3 _4 ) ( F i g .  13 B) ;  p se udop e l l e t e d  f a b r i c s  in the m i c r o ­
spar a r e  common. The I n d i v i d u a l  c r y s t a l s  are most commonly 
equant  in  shape and have s e r r a t e  edges,  but f r e q u e n t l y  the 
curved edged l o a f y  forms descr i bed  by Folk ( 1965 )  make up 
the e n t i r e  m a t r i x .  Sometimes r a d i a l l y  ar ranged blades or 
f i b e r s  of  m i c r o s p a r ,  1 n o p t i c a l  c o n t i n u i t y  wi t h  o y s t e r  
f ragment  u l t r a s t r u c t u r e  (NB2 _3 0 -NF 2 _3 0 ; Fig.  13 C) or  
f r i n g i n g  q u a r t z  g r a i n s  (Chanda,  1963,  1967;  F o l k ,  1 9 5 9 ) ,  
give the I mpress ion of  a f i r s t  g e n e r a t i o n  bladed spar  
cement .  The neomorphic growth of  mi crospar  has pushed the 
i nc luded t e r r i g e n o u s  c l a ys  I n t o  1 n t e r c r y s t a l 1 1 ne p o s i t i o n s .  
An e x c e l l e n t  d i s c u s s i on  on the o r i g i n  of  microspar  Is 
given 1n Folk ( 1 9 6 5 ) .
The j u n c t i o n  between a l ime packstone and a d o l o ­
mi t e  1 s e i t h e r  a sharp c o n t a c t  or  a zone 1 n which m i c r o ­
spar 1 s g r a d u a l l y  re p l a ce d  by f i n e r  dolom1 crospar  
( F i g .  13 D) .  Concave mol lusk va l ves  a t  the c o n t a c t  of  a 
l i mes t one  and d o l omi t e  a r e  g e n e r a l l y  f r a c t u r e d  and f l a t ­
t ened,  and the l i mes t one  as a whole may be I n t e n s e l y
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f r a c t u r e d  (F1g.  13 E, F) .
Hammett Shale do l omi tes  a r e  d i s s i m i l a r  to  the l i m e ­
stones in t h a t  they are wackestones and never packstones;  
ang u l a r  and unsor ted o y s t e r  and ech i no l d  f ragments make up 
the b i o c l a s t i c  d e br i s  (F1g.  13 G) ,  but  r e c r y s t a l 1i zed  mol-  
l usk f r a gment s ,  which are common 1 n the l i m e s t o n e ,  are  
almost  always absent .  The p o s s i b i l i t y  e x i s t s  t h a t  no 
o r i g i n a l  a r a g o n l t l c  mol lusks were p r esent  In the d o l o m i t -  
1 zed sediments ,  but  1 t  seems more p l a u s i b l e  t h a t  they are  
absent  as a r e s u l t  of  having been o b l i t e r a t e d  dur ing do l o -  
m l t l z a t l o n .  The al lochems are t y p i c a l l y  i r o n - f r e e ,  and 
are o f t e n  r ep l aced  a t  t h e i r  margins by a m a t r i x  c o n s i s t i n g  
of  subhedral  and euhedra l  f e r r o a n - d o l o m l t e  c r y s t a l s  2 0 p to 
60y in d i a m e t e r .  In c o n t r a s t  to the l i m e s t o n e ,  g r a i ns  1n 
the d o l omi t e  show compact lonal  f l o w  a l i g n m e n t ,  p a r t i c u l a r l y  
near the c ont ac t s  between a d o l omi t e  and l i mest one  
( F i g .  13 G, H) ,  breakage ( F i g .  14 A ) ,  and pressure  s o l u ­
t i o n  ( F i g .  14 B) .
In g e n e r a l ,  the more d o l o m i t e  a sample c o n t a i n s ,  
the g r e a t e r  the percentage of  i n s o l u b l e  r es i due  (F1g.  I S ) ;  
the reason f o r  t h i s  d i f f e r e n c e  i n  I n s o l u b l e  r es i due  con­
t e n t  has a l r e a d y  been presented (p.  2 2 ) .  Al though no s i z e  
ana lyses were done on these r e s i d u e s ,  onl y  minor d e t r l t a l  
s i l t  and very f i n e  sand was noted 1 n t h i n  s e c t i o n s ;  I t  1 s 
assumed,  t h e r e f o r e ,  t h a t  most o f  the d e t r i t u s  f a l l s  w i t h i n  
the f i n e  s i l t  and c l a y  s i z e  grades.  The c l a y  analyses of
F i g u r e  14.  Hammet t  Sha l e  d o l o m i t e ;  m l c r l t e  e n v e l o p e s .
A. Gr a i n  breakage 1n I n j e c t e d ,  c s e l y .  c r y s t a l l i n e  
c l a y e y ,  s i l t y  d o l omi t e  wackestone.
B. I n t e r p e n e t r a t i n g  o y s t e r  f ragments ( mi ddl e  and 
bot tom)  showing m l c r o s t y l o l 1 t i c  pressure  s o l u t i o n  
c o n t a c t .
C. Very t h i n  m l c r l t e  envelopes r imming b i o c l a s t s  in 
mol lusk packstone o f  shoal  f a c i e s .
D-E.  Thick m l c r l t e  envelopes on l a r g e  o y s t e r  (D)  and 
moldic c a v i t y  I n f i l l i n g  ( E ) ;  d i s t i n c t  bor ings  
10u-15y in d i a me t e r  p e n e t r a t e  the g r a i n s .
F. Encr ust ing  type m i c r o c r y s t a l l i n e  g r a i n  envelope;  
note sharp c o n t a c t  of  t h i s  envelope wi t h  g r a i n  
and i t s  e x t e n s i o n  o u t s i d e  the g r a i n  boundary.  Two 
smal l  g r a i n s  a r e  encased 1 n t h i s  envelope type in  
upper l e f t  c e n t e r .
G. M i c r o c r y s t a l  11ne car bonat e  c r u s t  ove r l ap p i n g  f i r s t  
g e n e r a t i o n  spar cement r i n d s .
H. I r r e g u l a r  c r u s t s  enc l os i ng  g r a i ns  and occ luding  
pore space;  c r u s t  development  g i v es  r i s e  to rounded,  
sinuous pores.
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Figure is. Insoluble residue content o f  Hamnett Shale limestone and dolomite.
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these carbonates and u nd e r l y i n g  shale  are presented and 
discussed in Appendix C.
Pi scussi  on
I t  is wel l  known t h a t  f i n e  gra i ned carbonat e  muds* 
r a t h e r  than sands,  are  s e l e c t i v e l y  d o l o m i t i z e d  ( Mur ray ,  
1960;  Murray and L u c i a ,  1967;  L u c i a ,  1 9 6 2 ) ,  probably  be­
cause they are more r e a c t i v e  due to f i n e  g r a i n  s i z e  and 
l a r ge  sur f a ce  area to volume r a t i o .  Because no evidence  
e x i s t s  t h a t  suggests t h e r e  was any g r e a t  d i f f e r e n c e  in  
g r a i n  s i z e  3nd carbonate  mi ner a l ogy  between the i n s o l u b l e  
r i c h  and i n s o l u b l e  poor muds a t  the onset  of  d o l o m i t i z a -  
t i o n ,  some o t h e r  f a c t o r  must have c o n t r o l l e d  the s e l e c t i v e  
nat ur e  of  the rep l acement .  I t  is suggested here t h a t  the  
amount of  c l a y - s i z e d  d e t r i t u s  cont a i ned  in the o r i g i n a l  
Hammett Shale carbonate  muds was i n s t r u me nt a l  in d e t e r m i n ­
ing which sediments would l a t e r  be p r e f e r e n t i a l l y  repl aced  
by d o l o m i t e .  Only a few s t u d i e s  have been done on c l a y -  
dol omi te  r e l a t i o n s h i p s ;  Murray ( 1960 )  and F i s he r  (1968)  
note t h a t  per cent  do l omi t e  is d i r e c t l y  p r o p o r t i o n a l  to the 
i n s o l u b l e  r es i due  c o n t e n t ,  as i t  does in t h i s  s tudy;  o t he r  
s t ud i e s  ( Zenge r ,  1965;  Goldich and Parmalee,  1947)  show 
e i t h e r  an i nv er se  r e l a t i o n s h i p  or  none a t  a l l .
Lime muds wi t h  a r e l a t i v e l y  high c l a y  cont en t  do 
not c o n s o l i d a t e  as r a p i d l y  as do those c o n t a i n i n g  less  
c l a y  ( C h i l l i n g a r  and o t h e r s ,  1967 ) .  As a r e s u l t  of
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p r e f e r e n t i a l  c o n s o l i d a t i o n ,  the Hammett Shale c l a y - r i c h  
carbonate  muds might  have r e t a i n e d  h i gher  p o r o s i t i e s  and 
p e r m e a b i l i t i e s  l onger  than the muds c o n t a i n i n g  l ess c l a y .  
Because of  t h i s  p o r o s i t y - p e r m e a b i 1 i t y  c o n t r a s t  between the  
two sediment  t ypes ,  d o l o m i t i z i n g  f l u i d s  were a l l owed more 
rap i d  access i n t o ,  and consequent l y  achieved more e f f i c i e n t  
replacement  o f  the c l a y - r i c h  l ime muds. Shinn ( 1968)  has 
shown t h a t  s l i g h t  d i f f e r e n c e s  in the p o r o s i t y  and permea­
b i l i t y  of  s u p r a t i d a l  sediments co n t r o l  to a l a r g e  degree  
which sediments w i l l  be d o l o m i t i z e d .
Clay mi ner a l s  might  a l s o  have played an a c t i v e  r o l e  
in the do 1o m i t i z a t i o n  process.  Clays may e n t e r  d i r e c t l y  
i n t o  the chemical  r e a c t i o n s  r e s u l t i n g  in d o l o m i t i z a t i o n , 
a c t  as ion exchange c e n t e r s ,  or serve as c a t a l y s t s  f o r  
n u c l e a t i o n  and growth of  dol omi te  c r y s t a l s  ( K a h l e ,  19 65 ) .  
However,  the ambiguous na t ur e  o f  the c l a y - c a 1c i t e - d o l o m i t e  
r e l a t i o n s h i p s  (see Appendix C) l eaves the unanswered ques­
t i o n  of  whether  the c l ays  ent er ed  i n t o  the do l omi te  chemi ­
cal  r e a c t i o n s  a t  a l l ,  and i f  they d i d ,  whether  c h l o r i t e  
was t ransformed i n t o  i 1 1 i t e  or v i c e  versa dur i ng  the r e ­
placement  process.
Fine gr a i ned  d e t r i t a l  d o l omi t e  was also pr esent  in 
the sediments.  Because sa n d - s i z e d  d e t r i t a l  do l omi t e  is 
sor t ed  wi t h  q ua r t z  g r a i ns  and b i o c l a s t s  in  the beach,  
l agoon,  and shoal  u n i t s ,  i t  is l o g i c a l  to assume t h a t  f i n e  
s i l t  and p o s s i b l e  c l a y - s i z e d  d e t r i t a l  do l omi te  was
69
t r a n s p o r t e d  i n t o  the q u i e t  o f f s h o r e  envi ronments where i t  
was depos i t ed  along wi th  o t he r  f i n e  d e t r i t u s .  D e t r i t a l  
d o l omi t e  c l a s t s  can ac t  as n u c l e a t i o n  ce nt e r s  f o r  d i a ge -  
n e t i c  d o l o m i t e ;  w i t h  seed c r y s t a l s ,  the k i n e t i c s  necessary  
to s t a r t  the r e a c t i o n  are lowered and do 1 o m i t i 2 a t i o n  takes  
p l ace  under c o n d i t i o n s  which nor mal l y  would not  a l l ow d o l o ­
mi te  growth (L indhol m,  19 69 ) .
Folk ( 1 9 6 5 ,  1969)  has suggested t h a t  because m i c r o ­
spar  t y p i c a l l y  occurs in c l a y e y  l i m e s t o n e s ,  or  in l i m e ­
stones as s o c i a t e d  wi t h  sha le  beds,  the c l a y  con t e n t  plays  
a key r o l e  in  the f o r ma t i o n  of  mi c r o s p a r ,  e i t h e r  because 
of  the c l a y  type p r e s e n t ,  or  because of  i t s  co n t r o l  on c e r ­
t a i n  unknown chemical  r e a c t i o n s  in the d i a g e n e t i c  process.  
This neomorphism takes p lace  s h o r t l y  a f t e r  d e p o s i t i o n  in 
the presence of  s u b s a l i n e  waters  because i t  is most common 
in mar ine or  b r ack i sh  wat e r  l i m e s t o n e s ,  and r a r e  in f r e sh  
wat e r  l imest ones  ( F o l k ,  19 6 5 ) .  Neomorphism ( r e c r y s t a l l i z a ­
t i o n  to mi crospar  and pseudospar)  of  Hammett l imest one  
probabl y  took place n e a r l y  contemporaneously wi t h  d o l o m i t i -  
z a t i o n  o f  the a s s o c i a t e d  u n i t s  ( t h e  f a c t  t h a t  dolomi tes  
c o n t a i n  i r on  and the l imestones nor ma l l y  do not is probably
the r e s u l t  o f  the r a p i d  1 i t h i f i c a t i o n  of  l i me s t on e  ma t r i x
b e f o r e  reduced,  i r o n - b e a r i n g  d o l o m i t i z i n g  waters ent er ed  
the sed i m e n t s ) .
As the o v e r l y i n g  sediments accumulated on the Ham­
met t  carbonates the s e m i - f l u i d  c l a y - r i c h  l ime muds were
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squeezed i n t o ,  and mixed w i t h ,  the c o n s o l i d a t e d  c l a y - p o o r  
l ime muds (as i n d i c a t e d  by g r a i n  breakage and f l ow s t r u c ­
tur es  in the d o l omi t e  and f r a c t u r e s  in the l imest one  
[ F i g s .  13 E-H;  14 A, B ] ) .  Whether d o ! o m i t i z a t i o n  was 
i n i t i a t e d  dur ing or s l i g h t l y  a f t e r  t h i s  i n j e c t i o n ,  wh i l e  
a c o n t r a s t  in the degree of  c o n s o l i d a t i o n  s t i l l  e x i s t e d ,  
is unknown. I t  i s  d e f i n i t e ,  however ,  t h a t  repl acement  was 
e a r l y ,  because d o l o m i t i z e d  i n t r a c l a s t s  from t h i s  f a c i e s  
are found reworked i n t o  the o v e r l y i n g  beach sediments.
Inasmuch as d o l o m i t i z a t i o n  took place dur ing e a r l y  
di a ge ne s i s  and j u s t  a f t e r  b u r i a l  beneath the o v e r l y i n g  
beach sequence,  the w r i t e r  b e l i e v e s  t h a t  t h i s  replacement  
and l i mes t one  r e c r y s t a l l i z a t i o n  occur red when the s e d i ­
ments were i n f i l t r a t e d  by mixed f r e s h  and s a l i n e  wa t e r s .  
This mixing might  have taken place in the zone of  d i f f u s i o n  
which separ a t es  the f r e s h  wat e r  l ense from s a l i n e  i n t e r ­
s t i t i a l  waters  of  mar ine o r i g i n  (Hanshaw and o t h e r s ,  19 71 ) .  
D e t a i l s  on the chemical  na t ur e  of  the waters  e f f e c t i n g  
d o l o m i t i z a t i o n  and l i mes t one  r e c r y s t a l l i z a t i o n  w i l l  be p r e ­
sented in the c o n s t r u c t i o n  of  the r e g i ona l  d i a g e n e t i c  model  
f o r  the Hammett-Cow Creek sequence.
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Cow Creek Limestone Diagenesis
jy  i i n — — -------- —
Grain Diagenesis
M i c r i t e  Envelopes  
Genera 1
Grains in the Cow Creek Limestone may be rimmed 
wi t h  m i c r o c r y s t a l l i n e  carbonate  in two d i s t i n c t  manners.
In the f i r s t  t y p e ,  the o r i g i n a l  s h e l l  m a t e r i a l  i s  rep l aced  
by m i c r i t e  or  f e r r o a n - d o l o m l t e ;  in the second t y p e ,  m i c r i t e  
or  f e r r o a n  d o l o m i c r i t e  enc r u s t  the g r a i n s .
The i n n e r  boundary of  f i r s t  rim type wi th  the i n ­
v e r t e d  s h e l l  m a t e r i a l  or  moldic c a v i t y  f i l l  is t y p i c a l l y  
g r a d a t i o n a l ,  but  may a l so be q u i t e  sharp.  The envelope is 
e i t h e r  homogeneous or i s  composed of  d i s t i n c t ,  m i c r o c r y s ­
t a l l i n e  carbonate  f i l l e d  tubes throughout  i t s  e n t i r e  t h i c k ­
ness,  or a t  the margin between the rim and the s he l l  mate­
r i a l  ( F i g .  14 C - E ) .  Rim t h i ckness  may be very t h i n  ( 1 0 - 2 0  
mi crons)  or  almost  compl e t e l y  r e p l a c e  an e n t i r e  sand- s i zed  
g ra i n .
Envelopes of  t h i s  na t ur e  have been r e por t e d  from 
Recent  carbonate  envi ronments by many workers (Gi nsbur g ,  
1957;  B a t h u r s t ,  1964,  1966;  S w i n c h a t t ,  1969;  Winland,  1968;  
Kendal l  and S k i p w i t h ,  1969;  G e l u b i c ,  1 9 6 9 ) ,  who a s c r i b e  i t s  
o r i g i n  to the I n f i l l i n g  o f  p e r f o r a t e  b l u e - g r e e n  a l gae f i l a ­
ments.  Diameters o f  the i n d i v i d u a l  a l g a l  bor ings
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( f i l a m e n t s )  range from 4 to 12 microns in d i amet er  whereas 
the l engths  of  i n d i v i d u a l  f i l a m e n t s  ranges upwards to 50 
microns.  Bor ing s i zes  in g r a i ns  from the Cow Creek Lime­
stone f a l l  w i t h i n  t h i s  range,  except  f o r  those a s s o c i a t ed  
wi th  the second type of  m i c r i t e  envel ope.
Even though the f a b r i c  produced by these bor ing a l ­
gae is c o n s t a n t ,  the type of  m i c r o c r y s t a l l i n e  carbonate  
plugging t he  p e r f o r a t i o n s  is not .  B a t h u r s t ' s  (1966)  a n a l y ­
sis i n d i c a t e d  t h a t  these i n f i l l i n g s  were composed of  a r a ­
g o n i t e ,  as did the study by Kendal l  and Sk i pwi t h  ( 1 9 6 9 ) .  
Winland ( 1 9 6 8 ) ,  however ,  r e p o r t s  high Mg c a l c i t e  m i c r i t e  
enve l opes .  Friedman ( 1964)  suggested an o r i g i n a l l y  arago-  
n i t i  c compos i t i o n  f o r  m i c r i t e  envel opi ng gr a i n s  in P l e i s t o ­
cene l i me s t on e s .  M i c r o c r y s t a l l i n e  a r a g o n i t e  or high Mg 
c a l c i t e  envelopes i n v e r t  r a p i d l y  to low Mg c a l c i t e ,  r a t h e r  
than d i s s o l v i n g ,  upon exposure to f r e s h  wat e r  (Purdy ,  1 9 6 8 ) ;  
they do not  undergo d i s s o l u t i o n ,  and are preserved around 
the molds o f  l eached g r a i n s ,  e i t h e r  because of  t h e i r  i s o ­
t r o p i c  na t ur e  ( Pur dy ,  1 9 6 8 ) ,  or  because of  rap i d  n u c l e a t i o n  
and h i g h ,  f l u i d  s u p e r s a t u r a t i o n  c o n d i t i o n s  w i t h i n  the r im 
( Wi n l a nd ,  1968 ) .  Moore ( persona l  communicat ion,  1971)  sug­
gests t h a t  only high Mg c a l c i t e  r ims ar e  p r es er ve d ,  and 
t h a t  a r a g o n i t e  rims are probably  l o s t  through d i s s o l u t i o n  
and ar e  not  recorded in a n c i e n t  ca r bonat es .
In the second type of  " e v e l o p e , "  i r o n - f r e e  m i c r i t e  
or f e r r o a n  d o l o m i c r i t e  d i s t i n c t l y  coats the gra i ns
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( F i g . 14 F ) .  Ward ( 1970 )  has a l s o  r e por t e d  these types of  
envelopes from P l e i s t o c e n e  e o l i a n i t e s  in Yucatan.  Uncom­
monly,  but  s i g n i f i c a n t l y ,  the c r u s t  w i l l  o v e r l a p  a f i r s t  
g e n e r a t i o n  ( b l a de d)  cement ( F i g .  14 G).  The cont ac t  of  a 
c r u s t  w i t h  a g r a i n  is always sharp and i t s  ou t e r  boundary 
wi t h  cement or  m a t r i x  is t y p i c a l l y  a b r u p t ,  but  i t  can be 
h i g h l y  i r r e g u l a r  and does not  n e c e s s a r i l y  r e f l e c t  the shape 
of  the g r a i n  or  g r a i n s ,  upon which i t  is developed  
( F i g .  14 H) .  Commonly, branched bor ings which range from 
15 to over  150 microns in d i a me t e r  ( F i g .  16 A, B) extend  
from the c r u s t  i n t o  the g r a i n ;  bor ings merge wi t h  c r us t s  
and they appear  to be one and the same, both m i n e r a l o g i -  
c a l l y  and t e x t u r a l l y  ( F i g .  16 C, D) .  Bor ings w i t h o u t  a t ­
t endant  c r us t s  a r e  r a r e l y  f i l l e d  wi th  a green to i r on  oxide  
s t a i ne d  m i n e r a l ,  pos s i b l y  a phosphate ( v e r y  low to no b i ­
r e f r i n g e n c e ) ,  but whose i d e n t i t y  is u n c e r t a i n .  In a few 
i n s t a n c e s ,  a d o l o m i t i z e d  or  i r o n - s t a i n e d  plexus of  c a l c i t e  
f i l l e d  t ubu l es  ( o r  cement separ a t ed  f i l a m e n t s )  is developed  
in voids a d j a c e n t  to encrusted and bored g r a i ns  ( F i g .  16 E) .
These bor ings and cr us t s  are i n t e r p r e t e d  as the  
hyphae and f r u i t i n g  bodies of  e n d o l i t h i c  fungi  on the basis  
of  the ex t r e me l y  l a r g e  d i a m e t e r s ,  branching n a t u r e ,  and 
morphologies of  the b o r i n g s ,  which bear  s t r i k i n g  resemb­
l ance to photomicrographs publ i shed by Kohlmeyer ( 1 9 6 9 ) ,  
and the e n c r u s t i n g  n a t u r e  o f  the g r a i n  enve l opes .  Wi t h i n  
c e r t a i n  species o f  mar ine b l u e - g r e e n  a l g a e ,  and a p p a r e n t l y
F i g u r e  16.  M l c r l t e  e n v e l o p e s  and m1c r 1 t 1 zed  g r a i n s .
A- B . Large ,  branched (up to 1 50p 1n d 1 a . )  fungal  
bor ings in  o y s t e r  f ragment s ;  bor ings are f i l l e d  
wi t h  d o l o m l c r l t e .
C-D.  Encr us t i ng  d o l o m l c r t t e  envelopes wi th  ex t e n d i n g ,  
branched g r a i n  bor i n gs ;  bor ings cannot  be separated  
from c r u s t s  on a t e x t u r a l  or m i n e r a l o g i c a l  bas i s .  
Crust  1n C binds g r a i ns  (upper )  and ove r l aps  f i r s t  
g e n e r a t i o n  bladed cement on g r a i n  under s i de .
E. Void p l exus;  c a l c l t e  f i l l e d  " c e l l s "  a r e  separated  
from each o t h e r  by dolom1 c r 1 t e ; plexus r e pr es ent s  
e i t h e r  c a l c l t e  f i l l e d  t ubu l e s  or l o o s e l y  packed 
f i l a m e n t s  separated by c a l c l t e  cement.
F-G.  M1 c r 1 t i z e d  o y s t e r  f r agment s ;  s h e l l  s t r u c t u r e  1s 
s t i l l  appar ent  In F,  but  very  d i f f i c u l t  to d i scer n  
or c o mp l e t e l y  o b l i t e r a t e d  1n G.
H. R e c r y s t a 11 i z e d - 1 n v e r t e d  g r a i n  d i s p l a y i n g  r e l i c t  
s h e l l  s t r u c t u r e  as d i scont i nuous  m i c r o c r y s t a l  1 1 ne 
l i n e s ;  g r a i n  was probabl y  m1 c r 1 t 1 zed f i r s t  and then 
r ecr ys  t a 1 1 1  z e d .
*91 3an6xd
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al so f u n g i ,  t h a l l i  and hyphae,  r e s p e c t i v e l y ,  s p e c i a l i z e d  
i n t o  par t s  which bore I n t o  a s u b s t r a t e  and p a r t s  which en­
c r us t  s u b s t r a t e s  (Kohlmeyer ,  1 9 6 9 ) .
When c r us t s  become e x t r eme l y  wel l  developed they  
br i dge  i n t e r g r a n u l a r  pores and bind g r a i n s .  These f e a t u r e s  
can be considered " q u a s i - c r u s t " or  t r u e  m i c r o c r y s t a l 1 ine  
cements,  but  because they are a t y p i c a l  a s s o c i a t e  of  the  
marine c a l i c h e s ,  they are best  discussed in t h a t  s e c t i o n .
D i s t r i b u t i o n  o f  Grains wi t h  M i c r i t e  
or D o l o m l c r i t e  Envelopes
High F values i n d i c a t e  s i g n i f i c a n t  i n t e r v a l  v a r i a ­
t i o n  f o r  m i c r i t e  enve l opes ,  d o l o m l c r i t e  enve l opes ,  and 
( m i c r i t e  envelopes + d o l o m l c r i t e  e n v e l o p e s ) / T o t a l  a l l o -  
chems (Appendix B; Table  3 ) .
M i c r i t e  enveloped gr a i ns  a r e  not  a p p r e c i a b l y  abun­
dant  in any f a c i e s ,  but  they are no t a b l y  sparse 1 n the 
nodules and o t h e r  l agoonal  beds.  The F - v a l u e  c a l c u l a t e d  
f o r  the d i s t r i b u t i o n  of  d o l o m l t i z e d  envelopes is  l a r g e  
(Appendix B) and the lowest  and h i ghe s t  f r e qu e n c i e s  of  
d o l o m l c r i t e  enveloped g r a i n s  occur  in the l agoonal  u n i t s  
and f o r e s h o r e  f a c i e s ,  r e s p e c t i v e l y .
To e l i m i n a t e  the I n f l u e n c e  o f  a l lochem f requency  as 
a c o n t r o l  Imposed on the number o f  m l c r l t e  and d o l o m l c r i t e  
envelopes recorded f o r  each f a c i e s ,  va lues were c a l c u l a t e d  
f o r  m i c r i t e  enve l opes / a  1 1 ochems, d o l o m l c r i t e  enve l opes /  
a l l ochems,  and ( m l c r l t e  + d o l o m l c r i t e  e n v e l o p e s ) / a  1 1 ochems. 
These t h r e e  r a t i o s  I n d i c a t e  t h a t  envelopes a r e  r e l a t i v e l y
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Table  3.  D i s t r i b u t i o n  of  Gra ins w i t h  M l c r l t e  or D o l o m l c r i t e
Envelopes
Facies Shoal Laaoon Upper For e­
^ - ^ ^ * V a r 1 abl  e
Nodules Other  Un1 ts
o f f s  hore shore
M l c r l t e  Rims ( * * ) 8 . 52 2.61 2 . 9 9 7 . 55 7.  54
D o l o m l c r i t e  R1msl* ) 9 . 6 2 5 . 76 4.81 6 . 0 9 13.21
M l c r l t e  R1ms
T o t a l  Al lochems
.16 .04 .13 .13 . 1 5
D o l o m l c r i t e  R1ms .23 . 1 2 . 13 .13 .24
Tot a l  Al lochems
M l c r l t e  R1ms + Dol o-
m l c r l t e  Rims f * * )  . 38 . 16 . 2 0  . 26 .40
Tot a l  Al lochems
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l e a s t  numerous in  the nodules and o t h e r  l agoonal  beds,  
whereas they  are p l e n t i f u l  in both the shoal  and f o r e s ho r e  
beds.  D o l o m l c r i t e  envelopes a r e  more abundant  than m i c r i t e  
envelopes in a l l  f a c i e s .
I n t e r p r e t a t i o n  o f  Grain  
Envelope D i s t r i b u t i o n
I r r e s p e c t i v e  of  the p r e s e n t - d a y  mi ner a l ogy  of  the 
f i l l e d  b o r i n gs ,  the d i s t r i b u t i o n  of  enveloped gr a i ns  sug­
gests t h a t  the p e r f o r a t i n g  a l ga e  and fungi  were l e a s t  e f ­
f e c t i v e  1 n the l agoonal  env i r onment ;  r a t h e r ,  they p r e f e r r e d  
the beach f o r e s h o r e  or  shoal  env i r onment s .  A prime f a c t o r  
to c o n s i d e r  1 n the development  of  g r a i n  envelopes is  the 
I n t e n s i t y  o f  l i g h t  necessary f o r  a l g a l  growth ( S w l n c h a t t ,  
1 9 6 9 ) ,  but  1t  1s h i g h l y  u n l i k e l y  t h a t  the depth or the  
water  t u r b i d i t y  o f  the lagoon would be such t h a t  1 t  would 
b l o t  out  most a v a i l a b l e  s u n l i g h t  above the sediment  s u r ­
f a c e .  Work on Recent  sediments ( S w l n c h a t t ,  1969;  B a t h u r s t ,  
1966;  Kendal l  and S k l p w l t h ,  1969)  shows t h a t  g r a i n  enve­
lopes develop in a d i v e r s i t y  o f  sha l l ow mar ine carbonate  
env 1 ronment s .
Po s s i b l e  c o n t r o l s  to c o n s i d e r  are the s t a b i l i t y  of  
gr a i ns  w i t h i n  an env i r onment ,  t he  r e l a t i v e  r a t e s  of  depo­
s i t i o n  among env i r onment s ,  and the amount of  1 1 me mud 
m a t r i x  1n the sediment .  I f  g r a i n s  are c o n s t a n t l y  being  
moved ab o ut ,  abr as i on  would c o n t i n u a l l y  remove the bored 
p e r i p h e r i e s  of  the s h e l l  and no envelope would deve l op .  
Moreover ,  i f  d e p o s l t l o n a l  r a t e s  a r e  too r a p i d ,  as 1s the
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case f o r  t h i n ,  storm depos i t ed  u n i t s ,  I nc luded gra i ns  
would not  be exposed a t  the sediment  I n t e r f a c e  f o r  long 
enough per i ods  of  t ime necessary f o r  a l gae  to e x t e n s i v e l y  
bore the g r a i n s .  Even 1n the l i g h t  of  these f i r s t  two 
r e s t r a i n t s ,  a l gae  ( or  f u n g i )  could s t i l l  co nce i v ab l y  m i ­
g r a t e  I n t o  the sediment  and bore g r a i n s  i f  the pore space 
envi ronment  was not  I n i m i c a l  to t h e i r  e x i s t e n c e .  A number 
of  f a c t o r s  could t h e r e f o r e  r e g u l a t e  g r a i n  envelope d e v e l o p ­
ment and p r e s e r v a t i o n .
The f a c t  t h a t  envelopes a r e  most p r o l i f i c  1n the  
beach f o r e s h o r e  sediments I n d i c a t e s  to the aut hor  t h a t  
g r a i n  s t a b i l i z a t i o n  and absence o '  m a t r i x  a r e  the two most  
I mpor t an t  c o n t r o l s .  The g r e a t e s t  amount of  wave energy  
was e x e r t e d  on the beach f o r e s h o r e  and d e p o s i t l o n a l  r a t es  
v a r i e d  from slow to r a p i d ;  g r a i ns  were c o n t i n u a l l y  abraded  
and moved about  u n t i l  they were tossed onto a berm. Here 
they became s t a b i l i z e d  and remained near the sediment  s u r ­
face f o r  a per i od of  t ime s u f f i c i e n t l y  long enough f o r  
a l gae  an d / o r  fungi  to f i l t e r  through the m a t r i x - f r e e  s e d i ­
ment pores and bor e ,  or in some cases b i nd ,  the c o n s t i t u ­
ent  g r a i n s .  Bored g r a i n s  a r e  l ess f r e q u e n t l y  encountered  
1 n the upper o f f s h o r e  sediments because g r a i ns  were con­
t i n u o u s l y  abraded and t r a n s p o r t e d  be f or e  becoming bur led  
(Moore,  personal  communicat ion,  1971,  f i n d s  the same enve­
lope d i s t r i b u t i o n  1n Recent  Grand Cayman beaches) .  The 
l agoonal  sediments p os s i b l y  supported onl y  a smal l  bor ing
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a l gae  p o p u l a t i o n  because of  thei r*  high mud cont en t  and 
t h e i r  I n t e r m i t t e n t l y  r a p i d  d e p o s i t i o n .  A d d i t i o n a l l y ,  even 
though the shoal  sediments c o n t a i n  a p p r e c i a b l e  q u a n t i t i e s  
of  mud, l ime g r a l n s t o ne s  and spar r y  l ime packstones are  
commonly p r e s e n t .  Perhaps the reason f o r  the g r e a t  abun­
dance of  envelopes w i t h i n  t h i s  f a c i e s  i s  the r e s u l t  of  
slow d e p o s i t l o n a l  r a t e s  which a l l owed g r a i ns  to remain  
near the s e d l me n t - wa t e r  I n t e r f a c e  long enough to become 
p e r f o r a t e d  by a l g a e .
The d i s t r i b u t i o n  of  the d i f f e r e n t  m l n e r a l o g i c  types  
of  envelopes c l o s e l y  f o l l o w s  the p a t t e r n  o f  d o l o m l t l z a t l o n  
w i t h i n  the Cow Creek L imestone.  Encr us t i ng  d o l o m l c r l t e  
rims are most abundant  1 n the f o r e s h o r e  I n t e r v a l  and are  
nor mal l y  a s s o c i a t e d  w i t h  the " ma r i n e 11 c a l i c h e .
The hypothes is  o f f e r e d  f o r  the d o l o m l t l z a t l o n  of  
g r a i n  c r u s t s  and envelopes In  the "mar ine"  f u n g - a l g a l  
c a l i c h e  (p.  124) could be evoked to e x p l a i n  the l a r g e  num­
ber  o f  f e r r o a n  d o j o m l c r i t e  envelopes 1 n the shoal  u n i t .
Of s i g n i f i c a n c e ,  however ,  1s the o b s e r v a t i o n  t h a t  the  
m a t r i x  of  t he  shoal  f a c i e s  c o n t a i n s  abundant  f e r r o a n  d o l o ­
mi t e  ( Tab l e  6 ) .  I t  Is suggested t h a t  g r a i n  enve l opes ,  
along wi t h  the mud m a t r i x  o f  the shoal  packstones ,  were 
probably  s e l e c t i v e l y  d o l o m l t l z e d  I r r e s p e c t i v e  of  o r i g i n a l  
mi ner a l ogy  because they were composed of  f i n e  c r y s t a l s  and 
were t h e r e f o r e  h i g h l y  s u s c e p t i b l e  to do l om1 t 1 z a t l on  (Moore,  
1960;  Moore and L u c i a ,  19 67 ) .  A l t e r n a t i v e l y ,  they  may
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have been o r i g i n a l l y  composed o f  high Mg c a l c l t e  and l a t e r  
conver ted  to d o l o m i t e  (Fr iedman and Buchblnder ,  1970;  Land,  
1 9 7 0 ) .
Grain M1 c r 1 t 1 z a t i o n  
General
Grain m l c r 1 t 1zat1on 1s a d e s t r u c t i v e  d i a g e n e t l c  
process whereby t he  u l t r a s t r u c t u r e  o f  an al lochem 1 s a l ­
t e r ed  to a homogeneous m i c r o c r y s t a l l 1ne f a b r i c  ( F i g .  16 F,  
G).  This d e g e n e r a t i o n  of  I n t e r n a l  s t r u c t u r e  has been 
blamed on b a c t e r i a  or  a l gae  f i l l i n g ,  19 5 4 ) ,  decomposi t ion  
of  bor ing a l g a e  (Newel l  and o t h e r s ,  1960)  and I n f i l l i n g  
wi t h  m i c r o c r y s t a l l i n e  a r a g o n i t e  of  bor ing a l g a l  t ubul es  
( B a t h u r s t ,  1966;  Kendal l  and Sk1pw1th,  19 6 9 ) .  Purdy 
( 1 9 6 8 ) ,  1n his comprehensive a n a l y s i s  of  t h i s  a l t e r a t i o n ,  
concludes t h a t  1 t  1 s caused by the decomposi t ion of  g r a i n  
or gan i c  m a t t e r ,  whether  d i s t r i b u t e d  as o r gan i c  m a t r i x  be­
tween component c r y s t a l s  or  In  p e r i p h e r a l  a l g a l  bor i ngs .
The breakdown of  o r ga n i c  compounds w i t h i n  the p a r t i c l e  may 
set  up a mi c r o - e n v i r onme nt  1 n which the o r i g i n a l  ca r bonat e  
is d i s s o l v e d  and m i c r o c r y s t a l  1 1 ne car bonat e  1 s p r e c i p i ­
t a t e d  1n I t s  p l a c e .  A l t e r a t i o n  occurs w h i l e  the g r a i ns  
l i e  a t  or  s l i g h t l y  below the s e d l ment - wa t e r  I n t e r f a c e .
Work done by Purdy ' s  s t udent s  ( c i t e d  In Purdy,
1968)  i n d i c a t e s  t h a t  a change In g r a i n  mi ner a l ogy  does not  
t ak e  p lace  dur i ng  r e c r y s t a l 1 1 z a t 1 on to m1 c r 1 t e - s 1 zed
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ca r bonat e .  This may wel l  be t r u e  f o r  g r a i ns  homogenized 
through the decomposi t ion o f  par ent  organ i c  m a t t e r ,  but  1 t  
does not seem to hold f o r  a l lochems m l c r i t l z e d  by bor ing  
a l gae  or fungi  ( Wi n l and ,  1968;  a l s o  see Gra in  Envelopes  
s e c t i o n  and “Mari  ne11 Cal i che ) .
C e r t a i n  s h e l l  types are more e a s i l y  m i c r i t i z e d  than  
ot her s  (Purdy,  1 9 6 8 ) .  D i f f e r e n c e s  In s u s c e p t i b i l i t y  may 
be r e l a t e d  to d i f f e r e n t  c r y s t a l  s i z e s  and c r y s t a l  f a b r i c s  
composing the g r a i n s ,  or  s l i g h t  d i f f e r e n c e s  1 n the types  
and decomposi t ion r a t e s  of  o r gan l cs  w i t h i n  the s he l l  mate­
r i a l  ( Pur dy ,  1968 ,  pp. 191,  19 6 ) .
Di s t r l b u t l o n
The F - va l ues  c a l c u l a t e d  f o r  m l c r i t l z e d  g r a i n s  (N^)  
and m i c r i t i z e d  g r a i n s  { N<j) / ( o y s t e r s  + unknown g r a i n s )  are  
h i g h l y  s i g n i f i c a n t .  M i c r i t i z e d  g r a i n s  are most abundant  
in the upper o f f s h o r e  and f o r e s h o r e  u n i t s ,  and are l e a s t  
numerous In the shoal  beds ( T a b l e  4 ) .  The r a t i o  (m1cr1t i zed  
g r a 1 n s ) ( ) / ( o y s t e r s  + unknown g r a i n s )  was c a l c u l a t e d  to  
det er mi ne  the p r o p o r t i o n  ( p e r c e n t )  of  g r a i n s  which under ­
went m l c r l t i z a t l o n  1n a p a r t i c u l a r  f a c i e s .  This r a t i o  
shows t h a t  over  60% of  the g r a i n s  In the beach beds were 
m l c r i t l z e d ,  whereas fewer  t o t a l  g r a i ns  were m l c r i t l z e d  1 n 
t he  o f f s h o r e  env i ronments .  Grains which were o r i g i n a l l y  
a r a g o n i t e  were not  I nc luded in the p r o p o r t i o n .
Even upon cur s o r y  exami nat ion  o f  the p o i n t  counted
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Table  4.  D i s t r i b u t i o n  o f  M l c r i t l z e d  Grains
Facies Laqoon Upper
o f f s h o r e
F or e ­
shoreV a r i a b l e
Shoal Nodules
M l c r i t l z e d  Grains ( * * ) 11 . 50 12 . 30  11 . 98 18.01 16 . 64
M l c r i t l z e d  Gra ins  f * *A  
Oysters + Unknowns1 ' . 54 .44 . 50 .62 . 66
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t h i n  se c t i ons  1 t  1 s appar en t  t h a t  most m l c r i t l z e d  gr a i ns  
are o y s t e r  f r agment s .  The appar ent  absence of  t h i s  e a r l y  
a l t e r a t i o n  process 1 n what were a r a g o n i t e  mol lusks 1 s a t ­
t r i b u t a b l e  to a combinat ion of  t h r e e  f a c t o r s .  F i r s t ,  i n ­
ve r t ed  mol lusks in which the o r i g i n a l  s h e l l  s t r u c t u r e  can 
s t i l l  be I d e n t i f i e d  as nacreous or  c r o s s - 1 amel 1 a r , seem­
i n g l y  r e s i s t e d  m 1 c r 1 t l z a t l o n .  Secondl y ,  l a t e r  neomorphic 
r e c r y s t a l 1 1 z a t i o n  ( N ^ ) ,  dur i ng  which l a r g e  c a l c i t e  c r y s ­
t a l s  a r e  formed out  o f  s m a l l e r  a r a g o n i t e  c r y s t a l s ,  p r ob ­
ab l y  r e s u l t e d  1 n the masking of  any prev i ous m i c r l t l z a t l o n  
t e x t u r e s  except  f o r  where neomorphic c r y s t a l  enlargement  
was I ncompl e te  (F1g.  16 H) .  The t h i r d  f a c t o r  to cons i der  
here 1 s t h a t  many a r a g o n i t e  mol lusk f r a gmen t s ,  whether  
m l c r i t l z e d  or  n o t ,  underwent  gross d i s s o l u t i o n ,  thus de ­
s t r o y i n g  any record  of  a prev i ous d l a g e n e t i c  m o d i f i c a t i o n .
I n t e r p r e t a t i o n
The d i s t r i b u t i o n  o f  r e c o g n i z a b l e  m l c r i t l z e d  gr a i ns  
and t h e i r  high c o n c e n t r a t i o n  1 n the upper o f f s h o r e  and 
f o r e s h o r e  l ime g r a i n s t o n e s  1 s 1 n accordance wi t h  d i s t r i b u ­
t i o n a l  p a t t e r n s  noted 1n Recent  ca r bonat e  envi ronments .  
Purdy ( 1968 )  found 1n h is  i n v e s t i g a t i o n s  of  the Bahamian 
P l a t f o r m  and coa s t a l  ca r bonat e  envi ronments of  B r i t i s h  
Honduras t h a t  m l c r 1t 1 z a t 1 o n  of  sa nd- s i z e d  carbonat e  g r a i ns  
proceeds r a p i d l y  on the sea f l o o r ,  but  i s  hampered 1 n c a r ­
bonate mud env i r onment s .  He hypot hes i zes  (p.  196)  t h a t
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mud I n h i b i t s  b a c t e r i a l  a c t i o n ,  e i t h e r  because 1 t  Is I nh os ­
p i t a b l e  (as compared to s a n d - $ 1 zed d e p o s i t s )  to c e r t a i n  
b a c t e r i a l  t y p e s ,  or  because 1 t  r epr esses the l i f e  processes  
of  b a c t e r i a  p r e s e n t .  Hence,  by r e du c t i o n  of  b a c t e r i a l  ac­
t i v i t y ,  which 1 s thought  to be i ns t r ume nt a l  in the forma­
t i o n  of  c r y p t o c r y s t a l  1 1 ne c a r b o n a t e ,  m i c r 1 1 1 z a t i o n  is 
slowed down or  stopped 1n low-ener gy  d e p o s i t s .  Moore 
(persona l  communicat ion,  1970)  has fourd t h a t  more m i c r i ­
t i z e d  g r a i n s  occur  1n Grand Cayman beaches than in a d j a c e n t  
o f f s h o r e  sediments.
Ex t ens i ve  g r a i n  m l c r l t l z a t l o n  c h a r a c t e r i s t i c a l l y  a c ­
companies the development  o f  the "marine" f u n g - a l g a l  
c a l i c h e  and u l t i m a t e l y  r e s u l t s  1 n such a complete homoge­
n i z a t i o n  o f  f a b r i c s  t h a t  the b i o c l a s t s  "d i sappear "  i n t o  a 
m i c r l t e  cement background.  The f o r ma t i on  of  the mar ine  
c a l i c h e ,  and g r a i n  m l c r 1 t 1 z a t 1 on w i t h i n  1 t ,  are  thought  to 
be most l y  r e l a t e d  to m i c r o b i o l o g i c a l  a c t i v i t y  a t  the beach 
top and w i l l  be covered under the "marine" c a l i c h e  heading.
Grain R e c r y s t a l 11z a t 1on- Gr a1n  D1s s o l u t 1 o n / R e p r e c 1 p i t a 1 1 on
General
I n v e r s i o n  1s used here 1n the sense of  Folk ( 1965)  
whereby a r a g o n i t e  1 s t ransf or med to c a l d t e  1 n the s o l i d  
s t a t e  ( w i t h  f l u i d s  p r e s e n t )  w i t h o u t  the f o r ma t i on  of  an 
obvious I n t e r v e n i n g  void s t a ge .  Recr ys t a l  1 1zat1on e f f e c t s  
a change 1 n s i z e ,  morphology,  or  o r i e n t a t i o n  of the
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prev ious c r y s t a l  types and t y p i c a l l y  accompanies the i n v e r ­
sion process.  Two o t h e r  methods by which s t a b i l i z a t i o n  of  
marine car bonat e  g r a i n s  may be accompl ished are r e p l a c e ­
ment or  d i s s o l u t i o n  wi th  l a t e r  mold i n f i l l i n g  by low Mg 
c a l c i t e  or  o t he r  carbonates  s t a b l e  o u t s i d e  the marine en­
v i r onment .  Re cr ys t a l  11z a t l o n  as used in t h i s  s e c t i o n  c a r ­
r i e s  w i t h  I t  the i n f e r e n c e  t h a t  1 t  occur red  c o n c o m i t t a n t l y » 
or s h o r t l y  a f t e r ,  a r a g o n i t e  i n v e r s i o n  to c a l c i t e .
R e s u l t a n t  c r y s t a l  shapes,  s i z e s ,  and boundar i es ,  
and c r y s t a l  f a b r i c s  a r i s i n g  f rom the r e c r y s t a l 1 1 z a t 1 on-  
i n v e r s i o n  processes show a l l  degrees o f  g r a d a t i o n  among 
and w i t h i n  I n d i v i d u a l  mol lusk f r a gment s ,  even though se v ­
e r a l  d i s t i n c t  f a b r i c s  can be d e l i n e a t e d .  Many of  these  
types a r e  s i m i l a r  to those I l l u s t r a t e d  by Wi lson ( 1 9 6 7 ) .  
E a s i e s t  to r ecogni ze  as r e c r y s t a l l i z e d  f a b r i c s  are those  
g r a i n s  which c o n t a i n  y e l l o w i s h  t a n ,  o c c a s i o n a l l y  p l e o -  
c h r o l c ,  remnant  s h e l l  organic  m a t e r i a l .  This t ype  1s most  
commonly composed o f  l a r g e  ( l a r g e r  than a p p r o x i ma t e l y  one-  
t h i r d  of  the s h e l l  w i d t h ) ,  s t r a i g h t  or I r r e g u l a r  sided  
equant  c r y s t a l s  (F1g.  17 A-D) which may coarsen towards  
the c e n t e r  o f  the s h e l l .  Less f r e q u e n t l y  s h e l l s  are made 
up of  p e r v a s i v e  or  smal l  p e r i p h e r a l  p r i s m a t i c  c r y s t a l s  
(F1g.  17 E ) ; onl y  r a r e l y  developed ar e  f a b r i c s  of  homo­
geneous smal l  equant  c r y s t a l s .  Some f a b r i c s  of  b i o c l a s t s  
have or gan i c  I n c l u s i o n s  on one s i d e ,  whereas c r y s t a l s  on 
the o t he r  s i de  are c l e a r  and the s h e l l  I t s e l f  g r a d u a l l y
86
disappear s  I n t o  surroundi ng cement ( F i g .  17 F ) .
When no I n c l u s i o n s  a r e  p r e s e r v e d ,  i t  Is o f t e n  d i f ­
f i c u l t  or  I mposs i b le  to  de t er mi ne  whether  the b i o c l a s t  
r epr esent s  a case of  r e c r y s t a l  1 1 z a t l o n  or moldic c a v i t y  
i n f i l l i n g .  The on l y  i d e n t i f i a b l e  r e c r y s t a l 1 i zed  b i o c l a s t s  
which do not  c o n t a i n  o r gan i c  I n c l u s i o n s  a r e  those:  a)  In
which s he l l  s t r u c t u r e  i s  d e f i ne d  by l i n e s  of  f i n e r  c r y s ­
t a l s  (F1g.  17 G) ,  and b) which a r e  composed o f  " d i r t y , "  
s m a l l ,  equant  or  p r i s m a t i c  c r y s t a l s  w i t h  I r r e g u l a r  boun­
d a r i e s  and random s i z e  d i s t r i b u t i o n  (F1g.  17 H) .  Both of  
these types may r e p r e s e n t  I n v e r t e d  g r a i n s  which i n i t i a l l y  
underwent  m i c r 1 t 1zat1on in the mar i ne  envi ronment .  A 
method used in  I d e n t i f y i n g  o t h e r  r e c r y s t a l 1 1  zed b i o c l a s t s  
is presented 1 n Appendix D3.
Other  mar ine car bonat e  g r a i n s  have been s t a b i l i z e d  
by a r a g o n i t e  d i s s o l u t i o n ,  f o l l o w e d  by p r e c i p i t a t i o n  o f  low 
Mg c a l c i t e  1n the r e s u l t a n t  moldic vo i ds .  I d e a l l y ,  these  
s o l u t i o n  c a v i t y  1 n f 1 1 l 1 ngs c o n s i s t  o f  a bladed c r u s t  de­
veloped on the I nner  s h e l l  mar g i n ,  succeeded by s t r a i g h t  
edged equant  c r y s t a l s  towards t he  c e n t e r  o f  the s h e l l  
( F 1 g . 18 A, B ) . Wel l  developed moldic c a v i t y  I n f i l l i n g  is  
r e a d i l y  d i s t i n g u i s h e d  from r e c r y s t a l l i z e d  f a b r i c s  using  
the g u i d e l i n e s  of  Ba t hu r s t  ( 1 9 5 8 ,  1 9 6 4 ) ,  but  they are more 
d i f f i c u l t  to de t er mi ne  when the p r e c i p i t a t e d  c r y s t a l s  con­
t a i n  i n c l u s i o n s  or  have curved or  i r r e g u l a r  boundar i es .
F i g u r e  17.  R e c r y s t a l  11 z e d - 1n v e r t e d  g r a i n s .
A-B.  Re c r y s t a l  11 zed g r a i n s  ( o r i g i n a l l y  a r a g o n i t e )  w i t h  
r e l i c t  s h e l l  s t r u c t u r e ;  l a r g e  s t r a i g h t  sided equant  
c r y s t a l s  except  a t  s h e l l  p e r i p h e r y .  Shel l  has 
y e l l o w - y e l l o w i s h  brown pleochroism due to i nc luded  
or gan i c  m a t t e r .
C. R e c r y s t a l l i z e d  g r a i n  d i s p l a y i n g  r e l i c t  s h e l l  s t r u c ­
t u r e ;  l a r g e  equant  c r y s t a l s  have i r r e g u l a r ,  rounded 
edges;  g r a i n  1 s p l e o c h r o l c .
D. Ye l l owi sh - br own p l e oc h r o l c  r e c r y s t a l l i z e d  g r a i n  made 
up o f  s t r a 1 g h t - 1 r r e g u l a r  sided l a r g e  equant  and 
bladed ( a t  g r a i n  p e r i p h e r y )  c r y s t a l s .  C r y s t a l s  are  
very c loudy due to  or gan i c  I n c l u s i o n s .
E. Recr ys t a l  11 zed g r a i n  (upper  h a l f  o f  photo)  made up
co mp l e t e l y  o f  l a r g e ,  p r i s m a t i c ,  s e r r a t e  p r i s m a t i c
c r y s t a l s  which meet along a c e n t r a l  l i n e ;  s h e l l  
s t r u c t u r e  v i s i b l e  1 n g r a i n  In l ower  h a l f  of  photo.
F. R e c r y s t a l l i z e d ,  p l e o c h r o l c  g r a i ns  ( mi dd l e  and top)  
which j u s t  d i s a p pe a r  I n t o  sur rounding cement (which  
1 s probabl y  r e c r y s t a l  1 1 zed I t s e l f ) .
G. R e l i c t  s h e l l  s t r u c t u r e  I n  r e c r y s t a l l 1 z e d , o r i g i n a l l y  
m l c r i t l z e d  g r a i n ;  homogeneous f a b r i c  of  smal l  
I r r e g u l a r  c a l c i t e  c r y s t a l s .
H. Cloudy,  l o a f y  equant  c r y s t a l s  In r e c r y s t a l l i z e d
g r a 1 n s .
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Figure 17.
Fi gur e  18.  Moldic  c a v i t y  f i l l s ,  s o l u t i o n  f e a t u r e s  and 
ma t r i x  t ypes .
A-B.  Examples o f  moldic  c a v i t y  I n f i l l i n g  d i s p l a y i n g  
Inward g r a d a t i o n  from f i n e  blades to coarse equant  
mosaic ( B is  x N ) .
C-D.  T i g h t l y  packed qu a r t z  and o y s t e r  f ragment  r e s i d ue  
from beach f o r e s ho r e  I n t e r v a l  a t  l o c a t i o n  13.  Grains  
d i s p l a y  breakage and I n t e r p e n e t r a t i o n .  No o r i g i ­
n a l l y  a r a g o n l t l c  g r a i ns  a r e  p resent  and cement 1 s 
sparse .  I n t e r p r e t e d  as a Cretaceous s o l u t i o n  
f e a t u r e .
E. M a t r i x  o f  coarse l o a f y ,  equant  pseudospar in o y s t e r  
wackestone o f  l agoonal  sequence;  a few qua r t z  
g r a i n s .  This probabl y  was an o y s t e r - m o l l u s k  pack-  
stone but  the a r a g o n l t l c  mol lusks were o b l i t e r a t e d  
dur i ng  r e c r y s t a l l 1 z a t 1 o n .
F. Coar se l y  c r y s t a l l i n e  do l omi te  o f  l agoonal  beds.
G. R e c r y s t a l l 1 z e d  g r a i n  ( l e f t  c e n t e r  to  lower  l e f t )
1 n o p t i c a l  c o n t i n u i t y  w i t h  pseudospar m a t r i x .
H. Fine sand s i z e  d e t r l t a l  d o l o mi t e  1n d o l o m i t i z e d  
l agoonal  sandstone;  note t h a t  t he  rhombs are  
br oke n- - a  sign o f  t h e i r  d e t r l t a l  o r i g i n .
Figure 18.
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0 1 s t r l b u t  1 on
Because 1t  1s sometimes I mposs i b l e  to determine  
whether  a b i o c l a s t  1 s r e c r y s t a l l 1 zed or  a moldic c a v i t y  
i n f i l l i n g ,  l e a s t  squares means were c a l c u l a t e d  f o r  " i n d e -  
t e r ml n a t e s "  in  a d d i t i o n  to I n t e r p r e t a b l e  r e c r y s t a l 1 1  zed-  
i n v e r t e d  ( N ^ ) and d 1 s s o l v e d - r e p r e c 1 p 1 t a t e d  ( P s ) mol lusk  
f ragments;  the I n c l u s i o n  of  the " I n d e t e r m i n a t e "  ca t egor y  
did not  a f f e c t  the c a l c u l a t e d  r e c r y s t a l 1 1 zed g r a i n  and 
g r a i n  d 1 s s o l u t 1 o n - r e p r e c 1 p 1 t a t l o n  means 1 n any way t h a t  
would wa r r a n t  a d i f f e r e n t  I n t e r p r e t a t i o n  o f  t h e i r  d i s t r i ­
b u t i on s .
The p r o p o r t i o n s  " d l s s o l v e d - r e p r e c 1 p 1 t a t e d  g r a i n s /  
t o t a l  mol lusks"  and "d 1 s s o l v e d - r e p r e c 1 p 1 t a t e d  g r a i ns  + 
I n d e t e r m i n a t e  g r a i n s  / t o t a l  n o l l u s k s "  were c a l c u l a t e d  1 n 
or der  to e l i m i n a t e  the I n f l u e n c e  o f  the number o f  mol lusks  
counted per t h i n  s e c t i o n  as a c o n s t r a i n t  on the number o f  
d 1 s s o l v e d - r e p r e c 1 p 1 t a t e d  g r a i ns  recorded f o r  each f a c i e s .
A h i g h l y  s i g n i f i c a n t  v e r t i c a l  v a r i a t i o n  1s i n d i c a t e d  by 
l a r g e  F - va l u es  f o r  each of  the above v a r i a b l e s  ( T a b l e  5; 
Append!x B ) .
Least  square means f o r  d l s s o l v e d - r e p r e c 1p1t a t ed  
gr a i ns  ( P £ ) and d 1 s s o l v e d - r e p r e c 1 p i t a t e d  g r a i ns  + i n d e t e r -  
mlnates a r e  c o n s i d e r a b l y  h i ghe r  1 n both the shoal  and 
f o r e s h o r e  beds,  and ar e  l owest  1 n the nodules and nodul ar  
beds.  The r a t i o  "d 1 s s o l v e d - r e p r e c l p 1 t a t e d  g r a i n s  { Ps ) /  
t o t a l  mol lusks"  I n d i c a t e s  t h a t  the l ea ch i ng  o f  a r a g o n i t e
Table 5. D i s t r i b u t i o n  of Recrystal  11 zed - Inver ted  (N^) Grains and Moldic Cavi ty F i l l e d
Grains
offshoreShoal
Moldic c a v i ty  f i l l e d  grains ( * * ) 8.17 1.43 3.86 3.62 9.81
Moldic c a v i ty  f i l l e d  + Indeterm1nate/ **v  
grains ' '
12.51 3.04 5.37 6.51 13.75
R e c r y s ta l l i z e d  Grains ( * * ) 9.65 9.02 5.91 13.36 11.87
R e c r y s ta l l i z e d  + Indeterminate Gra1ns(* * ) 14.09 10.60 7.41 16.23 15.91
Moldic c a v i ty  f i l l e d  grains / * * *  
Mollusks ' * .28 .04 .17 .23 .42
Moldic c a v i ty  f i l l e d  grains + / * * \  
Indeterminate Grains 1 
Mol 1usks .50 .17 .31 .35 .58
91
g r a i n s  became i n c r e a s i n g l y  more e f f i c i e n t  from the base of  
the l agoonal  u n i t  to the top of  the beach;  however ,  a r a ­
g o n i t e  g r a i n  d i s s o l u t i o n  1 n the shoal  d e p o s i t s  was compar­
able  to t h a t  1n the beach f o r e s h o r e  u n i t .  Conver se l y ,  
r e c r y s t a 1 1 i z e d - 1 nver ted  g r a i n s  ( N^) and r e c r y s t a l 1 i z e d -  
i n v e r t e d  gr a i ns  (N^)  + 1 ndet erml nat es  a r e  the most abun­
dant  in  the upper o f f s h o r e  and l e a s t  numerous in the l a ­
goonal  sequence.  U n f o r t u n a t e l y  t he  p r o p o r t i o n  
r e c r y s t a l  11 z e d - 1 n v e r t e d  g r a i n s  ( N ^ ) / t o t a l  mol lusks was not  
c a l c u l a t e d  1 n the l e a s t  squares a n a l y s i s ,  but  a manual c a l ­
c u l a t i o n  o f  a r i t h m e t i c  means I n d i c a t e s  t h a t  most mol lusks  
were s t a b i l i z e d  by r e c r y s t a l  1 1 z a t 1 o n - 1 n v e r s 1 on 1 n the 
nodules and upper o f f s h o r e  u n i t s .  The s m a l l e s t  p r o p o r t i o n  
of mol lusks to undergo r e c r y s t a l  1 1 z a t 1 on occurs 1 n the 
f o r e s h o r e  and shoal  d e p o s i t s .
*
I n t e r p r e t a t i o n
Mar ine car bonat e  mi n e r a l s  can undergo s t a b i l i z a t i o n  
to low Mg c a l c i t e  by e i t h e r  d 1s s o l u t 1 o n - r e p r e c 1p 1 t a t I o n  
or i n v e r s i o n  (most l i k e l y  through m l c r o s o l u t 1 on-  
m i c r o d e p o s l t 1 o n ) .
Whether g r a i n  d i s s o l u t i o n  and g r a i n  recr ys t a l Hza t l on-  
1 n v e r s 1 on takes p l ace  depends upon the degree of  s a t u r a t i o n  
of  d l a g e n e t l c  waters  w i t h  r e sp ec t  to c a l d t e  and a r a g o n i t e  
(Purdy,  19 68 ) .  T h e r e f o r e ,  by not i ng t he  d i s t r i b u t i o n  o f  
gr a i ns  t h a t  have undergone e i t h e r  o f  these s t a b i l i z a t i o n
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processes,  one can gain  some I n s i g h t  I n t o  the nature  of  
e a r l y  d l a g e n e t l c  f l u i d s  and t h e i r  d i s t r i b u t i o n  1 n the  
beach sequence.  Reworked c l a s t s  c o n t a i n i n g  t r u n c a t e d  r e ­
c r y s t a l l i z e d  and leached g r a i ns  are p resent  in  the beach 
beds and I n d i c a t e  t h a t  both s t a b i l i z a t i o n  processes a f ­
f e c t e d  the g r a i ns  e a r l y  1 n the d l a g e n e t l c  h i s t o r y  of  the  
sequence.
One s i g n i f i c a n t  d i ver gence  from the I nc r e a s e  1n 
mold1 c - c a v 1 t y - f 1 1 1 ed mol lusks upward I n t o  the beach 1 s the  
anomalously high amount of  l e a c h i n g  which took place 1 n 
the d o l o m l t l z e d  shoal  f a c i e s .  Thi s  l a r g e  amount of  d i s s o ­
l u t i o n ,  however ,  1 s expected 1 f  the d o l o m l t 1 z a t 1 on model  
proposed by Murray (1960)  1s used to e x p l a i n  the do1om1t1-  
z a t i o n  o f  t h i s  f a c i e s ;  as o u t l i n e d  by Mur ray ,  carbonate  
must n e c e s s a r i l y  be added to the system 1 n o r d e r  to accom­
modate the growth of  the denser  d o l omi t e  and a l s o ,  to 
occlude the p o r o s i t y  t h a t  e x i s t e d  w i t h i n  the space now 
taken up by d o l omi t e  rhombs.  Because of  t h e i r  h i g he r  s o l u ­
b i l i t y ,  a r a g o n l t l c  b i o c l a s t s ,  r a t h e r  than c a l c l t l c  b i o ­
c l a s t s ,  were d i s s o l v e d  and acted as an Immediate source  
f o r  the car bonat e  1 ons needed f o r  e f f e c t i n g  dolom1 t i z a t l o n .
To d a t e ,  1t  1s the consensus of  ca r bonat e  geochem­
i s t s  (Chave,  1962;  Land,  1967;  Purdy,  19 6 8 ) ,  t h a t  a r a g o n i t e  
I n v e r t s  to c a l c i t e  in  s o l u t i o n s  n e a r l y  s a t u r a t e d  wi t h  r e ­
spect  to a r a g o n i t e  under s u r f a c e  t emper a t ur es  and p r e s ­
sures.  Co nver se l y ,  a r a g o n i t e  d i s s o l v e s  when i t  Is 1 n
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c o n t a c t  w i t h  wa t e r  unsat ur a t ed  wi t h  r e s p e c t  to c a l c i t e *  or  
water  s a t u r a t e d  wi t h  r espec t  to c a l c i t e  but  u nder sa t ur a t ed  
wi t h  r e s p e c t  to a r a g o n i t e .
Purdy (1968)  and Matthews ( 1968)  have presented  
g e n e r a l i z e d  f r e s h - w a t e r  d l a g e n e t l c  models from which the  
l o c a t i o n  o f  c e r t a i n  d l a g e n e t l c  m o d i f i c a t i o n s  ( s o l u t i o n ,  
I n v e r s i o n ,  and ce me nt a t i on )  w i t h i n  the ground- wat e r  system 
can e a s i l y  be p r e d i c t e d .  Both models p r e d i c t  t h a t  s o l u ­
t i o n  o f  uns t a b l e  mar ine carbonates should t ak e  place near  
the f r e s h  wat e r  rechar ge  zone.  S i m i l a r i t i e s  stop here ,  
however ,  as Purdy r e l a t e s  I n v e r s i o n  to the low vadose and 
p h r e a t l c  zones and e x p l a i n s  cement a t i on  as a r e s u l t  of  
s u r f a c e  e v a p o r a t i o n ,  which r e s u l t s  in the upward c a p i l l a r y  
m i g r a t i o n  of  w a t e r ,  loss of  COg, and p r e c i p i t a t i o n .  Mat ­
thews r e l a t e s  car bonat e  a l t e r a t i o n  processes to the f low  
r a t e s  through the a q u i f e r ;  l o c a l  cementa t ion can take  
place In  the vadose zone 1 f  f l ow v e l o c i t i e s  p e r m i t ,  whereas 
widespread cement a t i on  only  occurs f u r t h e r  down the a q u i ­
f e r  .
The I ncreased numbers of  mo Id 1c - c a v 1 t y - f 111ed 
g r a i ns  and a t t e n d a n t  decrease of  r e c r y s t a l l i z e d  g r a i ns  t o ­
wards the beach top suggests t h a t  I n t e r s t i t i a l  f l u i d s  1 n 
the beach sediments became more s a t u r a t e d  wi th  r espec t  to 
a r a g o n i t e  downward from the sediment  s u r f a c e .  Local  hum­
mocks on the beach t o p ,  p os s i b l y  s l i g h t l y  bur l ed  beneath a 
t h i n  veneer  of  s u p r a t l d a l  mud or  a l l u v i u m ,  acted as
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recharge areas to l o c a l  f r e s h  ground wat er  l ense s .  Rain 
water  charged w i t h  carbon d i o x i d e  f e l l  on these areas and 
d i s s o l v e d  mol lusk f ragments as 1 t  p e r c o l a t e d  down through  
the vadose zone;  e v e n t u a l l y  these waters  became essen­
t i a l l y  s a t u r a t e d  wi th  r e sp ec t  to a r a g o n i t e .  At  t h i s  p o i n t *  
presumably a t  or near  the g r ound- wat e r  t a b l e *  gross d i s s o ­
l u t i o n  of  g r a i n s  ceased and the I n v e r s i o n  process pr e -  
domlna t e d .
Recr ys t a l  11 z e d - 1nver t ed  g r a i n s  (N^J and m o l d l c -  
c a v i t y - f i l l e d  g r a i n s  ( P s ) from beds In and below the lower  
f o r e s h o r e - u p p e r  o f f s h o r e  zones a r e  composed o f  f e r r o a n  
a n d / o r  I r o n - f r e e  c a l c i t e  whereas g r a i n s  from s u p e r j a c e n t  
u n i t s  a r e  almost  I n v a r i a b l y  made up of  i r o n - f r e e  c a l c i t e .  
I ron  d i s t r i b u t i o n  may t h e r e f o r e  be a c l ue  to the l o c a t i o n  
of  the gr ound- wat e r  t a b l e  (Evamy,  1969)  which e x i s t e d  
e a r l y  1n the d l a g e n e t l c  h i s t o r y  of  the Cow Creek beach 
sequence.
Even though the scheme pr esent ed  above g e n e r a l l y  
holds t r u e *  the a c t ua l  chemical  and phys i ca l  s i t u a t i o n  1 s 
more c o m p l i c a t e d .  F i r s t ,  more l e a c h i n g  of  g r a i n s  took 
place 1 n sequences beneath mar ine c a l i c h e s  (an e x p l a n a t i o n  
f o r  t h i s  1 s g iven 1 n the "mar ine"  c a l i c h e  s e c t i o n ,  p. 124) .  
Secondly*  very  sparse data suggest  t h a t  more g r a i n  I n v e r ­
sion took p lace  1 n f o r e s h o r e  de p os i t s  o v e r l a i n  by supra-  
t i d a l  marsh and l a k e  sediments ( e x c e p t  where these are  
also e x t e n s i v e l y  c a l 1 ch 1 f 1 e d ) . More g r a i n  I n v e r s i o n
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occurred 1 n these areas because a vadose zone was non­
e x i s t e n t  below l a k e s ,  and was sha l l ow or absent  In  the  
s a l t  marshes of  t he  s u p r a t i d a l  f l a t  ( B u t l e r ,  19 7 0 ) .  Waters  
in these areas were heated a t  the s u r f a c e  and e q u i l i b r a t e d  
wi th  a r a g o n i t e  b e f o r e  d i s c h a r g i n g  through the u nder l y i ng  
beach sediments.
Three southern outcrops (1oc.  13,  14,  16 in F1g. 1)  
show complete  l ea ch i ng  o f  a r a g o n i t e  f rom the upper p o r t i o n  
of  the l agoonal  sequence and p a r t  o f  the beach f o r e s hor e  
u n i t s .  The Immediate r e s u l t  of  t h i s  t o t a l  removal  of  a r a ­
g o n l t l c  g r a i n s  was the weakening of  s t r u c t u r a l  f ramework  
of  the u n i t s  to such an e x t e n t  t h a t  they c o l l a p s e d .  Though 
no bed d i s t o r t i o n  or c o l l a p s e  f e a t u r e s  can be seen on the  
o ut c r o p ,  t h i n  s e c t i o ns  f rom these u n i t s  are  composed of  a 
t i g h t l y  packed o y s t e r  f ragment  residuum.  L i t t l e  or  no 
cement separa t es  the g r a i n s ,  and g r a i n  breakage and I n t e r ­
p e n e t r a t i o n ,  plus m i c r o s t y l o l 1 t 1 c c o n t a c t s  are common 
( F i g .  18 C, D) .  The cement which 1s p r e s e n t  nor mal l y  I n ­
c l u d e s ,  or  1 s separ a t ed  by,  m1 c r 1 t 1 c wisps which probabl y  
ar e  the remains of  c o mp l e t e l y  crushed m l c r l t e  enve l opes .
I t  1s Improbable  t h a t  the d i s s o l u t i o n  took p lace  a f t e r  ex­
t e n s i v e  ce me nt a t i o n ;  I f  abundant  cement was pr esent  b e f o r e  
l e a c h i n g  occ ur r ed ,  1 t  would have o f f e r e d  some r i g i d i t y  to  
the beds and they would not  have c o l l a p s e d .
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I n t e r g r a n u l a r  Di agenesi s
M a t r i x  Di aqenesi s  
General
Only a b r i e f  I n t r o d u c t o r y  s t a t ement  concerning the 
ma t r i x  and I t s  d i a ge ne s i s  is war r an t ed  here because the  
env i ronmenta l  processes c o n t r o l l i n g  car bonat e  mud d i s t r i ­
bu t i on  and var i ous  aspects  of  d o l o m l t 1 z a t l o n  have been 
discussed p r e v i o u s l y  In the s e c t i o n s  on the d i a ge ne s i s  of  
m i c r l t e  enve l opes ,  and "mar ine"  c a l i c h e s .
Mar ine carbonat e  muds may o r i g i n a t e  In f o ur  d i s ­
t i n c t  manners: I no r g a n i c  phys1ochemical  p r e c i p i t a t i o n ;
m i c r o b i a l  a c t i v i t y ;  ab r a s i o n  o f  c o a r s e r  gra i ned b l o c l a s t i c  
d e b r i s ;  and 1 n s i t u  d i s i n t e g r a t i o n  of  c e r t a i n  ca rbonat e  
s e c r e t i n g  a l gae  ( F o l k ,  1 9 6 5 ) .  I t  1s d i f f i c u l t  to d i s c e r n  
which of  t hese  f our  modes of  mud f o r ma t i o n  is  r e s p o n s i b l e  
f o r  the f o r ma t i o n  of  Recent  de pos i t s  o f  ca r bonat e  mud; 
moreover ,  w i t h  subsequent  s t a b i l i z a t i o n  o f  ca rbonat e  mud 
to c a l c i t e  or do l omi t e  1t  becomes i mp os s i b l e .  F u r t h e r ­
more,  the o r i g i n a l  m i n e r a l o g i e s  (assemblages)  o f  a n c i e n t  
car bonat e  muds are l o s t  f o r e v e r  upon d i a ge ne s i s  and l l t h i -  
f i c a t l o n .
Ba t hur s t  ( 1958 )  hypot hes i zed  t h a t  the 11t h t f i c a t l o n  
of  unconso l i da t ed  muds to hard ,  c r y s t a l l i n e  m l c r 1 t e - s 1 zed 
c a l c i t e  comes about  through s o l u t i o n  and overgrowth p r e ­
c i p i t a t i o n  on e x i s t e n t  n u c l e i ;  dry s t a t e  g r a i n  growth
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processes,  d r i v e n  by g r a i n  s u r f a c e  t ens i on  e n e r g i e s ,  are  
r e s p o n s i b l e  f o r  the f o r ma t i on  of  c o a r s e r  mosaics.  Folk  
( 1965)  d i s a gr e e s  wi t h  B a t h u r s t ' s  e n v l s u a H z e d  g r a i n  growth 
processes and Invokes s o l i d  s t a t e  neomorphism,  in the 
presence o f  I n t e r s t i t i a l  f l u i d s ,  as the process which con­
v e r t s  m l c r l t e  to coar ser  g r a i n  mi crospar  and pseudospar.  
The I n t e r e s t e d  r e a d e r  1s r e f e r r e d  to Folk  ( 1965)  f o r  a 
pragmat ic  d i s co ur se  on the processes and c o m p l e x i t i e s  of  
the convers i on  o f  ca r bonat e  mud to m l c r l t e ,  and m l c r l t e  to 
mi crospar  and pseudospar .  The causes and c o n t r o l s  which 
f u n c t i o n  1 n the d o l o m l t 1 z a t 1 on of  a carbonate  mud are we l l  
covered by Murray ( 1 9 6 0 ) ,  Murray and Lucia  ( 1 9 6 7 ) ,  Weyl 
( 1 9 6 0 ) ,  Lucia ( 1 9 6 2 ) ,  and Llndholm ( 1 9 6 9 ) ;  these a r e  d i s ­
cussed 1 n o t h e r  s e c t i o ns  o f  t h i s  t e x t .
D 1 s t r l b u t l o n
Tab l e  6  shows t h a t  m l c r l t e ,  f i n e  mi crospar  ( N E j _ 2 )» 
and f i n e  do l oml cr os pa r  ( RE^) ( e x c e pt  1 n the nodules)  show 
a s i g n i f i c a n t  I nc r e a s e  1 n abundance from the beach beds 
c o n t i n u a l l y  downward I n t o  the shoal  i a c 1 es;  m l c r l t e  and 
f i n e  mi c r ospar  I s  r a r e  1n the beach f o r e s h o r e  u n i t .  Dolo-  
m i c r l t e  (RE<|) 1s most abundant  1n the shoal  u n i t  and 1s 
l e a s t  f r e q u e n t  1n the upper o f f s h o r e  beds.  Most m a t r i x  
r e c r y s t a 1 1 1 z a t l o n  to  mi crospar  and pseudospar (NE3 5 ) took  
p lace  In the nodul ar  u n i t s ,  whereas the I n t e r c a l a t e d  l a ­
goonal  beds s u f f e r e d  the most r ep l acement  by coarse
Var i able
M l c r l t e  (NEj ;<4n)  and Fine Microspar  
(NE2; 4 - 16m )
Coarse Microspar to Fine Pseudospar 
( N E 3 ; 16-64m) ( }
Coarse Pseudospar ( NE^_g; >64y) ( * * )
Oolomlcr i te ( RE^; <4y) ( * * )
Fine Dolomlcrospar (RE2 ; 4 - 1 6u) { * * )
Coarse Dolomlcrospar to Coarse Dolospar  
(RE3_5 ; 16 - 6 4p; >64y)
Z Ca l c i t e  Mat r ix  (HE)
Z Dolomite Mat r ix  (RE)
Z Mat r ix  
Z Cement 1 }
Shoal
30.54
11.45
1.87 
10.39  
8.52
1.79
4.68
3.24
 ----------- Upper Foreshore
"0<lu' es Sins" ° ffSh°re
11.76 11.59 4.15 0 . 8 6
30.67 11.71 6 . 8 6 0.08
12.67 3.31 2.35 0 . 0 0
1.93 2.33 1.52 2.06
2.77 4.29 3.36 1.48
2.92 5.77 . 1 1 0 . 0 0
1.59 3.30 1 .42 , 2 1
6.03 .79 .67 .05
V>
Co
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dol omi t e  ( RE3 _ 5 ) -  Th*  r a t i o  ENE/ERE I n d i c a t e s  t h a t ,  e x ­
cept  f o r  the nodul ar  u n i t ,  t h e r e  1 s a gradual  decrease 1 n 
d o l o m i t e  f r e q u e n c y ,  r e l a t i v e  to t h a t  of  t o t a l  c a l c i t e  
m a t r i x ,  f rom the f o r e s ho r e  sequence downward I n t o  the  
shoal u n i t ;  the m a t r i x ,  r e l a t i v e  to t o t a l  cement ( E  m a t r i x /  
E cement ) ,  shows a s i g n i f i c a n t  I nc r e a s e  along the same 
l i n e .  The F - v a l ue s  f o r  each v a r i a b l e  are  g iven  1n 
Appendix B.
I n t e r p r e t a t 1 o n
As could be p r e d i c t e d  from the d e p o s l t l o n a l  model ,  
mud 1 s c o n c e n t r a t e d  1 n the lower  energy envi ronments ( l a ­
goon and shoa l )  t h a t  e x i s t e d  seaward of  the beach zone.
The q ue s t i on  a r i s e s  as :o why the l agoonal  beds co n t a i n  
coarse c a l c i t e  ( NE^_ 5 ) d o l o m i t e  ( RE3 _g ) (F1g.  18 E, F ) ,
whereas the shoal  u n i t  Is composed o f  f i n e  c a l c i t e  (NE-^g)  
and d o l omi t e  ( R E  ^_ 2 ) •
The nodules 1n the l agoonal  sequence ar e  composed 
of  r e c r y s t a l l i z e d  g r a i n s  and m a t r i x  and c o n t a i n  l i t t l e  or  
no d o l o m i t e .  Fur t her mor e ,  d o l omi t e  r e p l a ce s  mi c r ospar  ex­
posed a t  the p e r i p h e r i e s  o f  the nodules encased 1 n dol oml -  
t i z e d  beds;  r a r e l y ,  remnant  patches o f  f o s s l 1 1 f e r ous  qua r t z  
a r e n l t e  a r e  found 1 n beds t h a t  a r e  c o mp l e t e l y  d o l o m l t l z e d .
Almost  a l l  mol lusks In the q ua r t s  a r e n l t e  and l ime  
packstone beds are r e c r y s t a l  11 zed (N^)  ( F i g s .  17 D; 18 G).  
As expressed 1n the g r a i n  r e c r y s t a 111z a t l o n - g r a 1n
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d 1 s s o l u t 1 o n - r e p r e c 1 p 1 t a t 1 on s e c t i o n *  the I n v e r s i o n  process  
t akes p l ace  1 n waters  e s s e n t i a l l y  s a t u r a t e d  wi t h  r e spec t  
to a r a g o n i t e  (Purdy*  19 6 8 ) .  I t  1s suggested here t h a t  1n 
the Cow Creek sequence these waters  a t t a i n e d  a r a g o n i t e  
s a t u r a t i o n  through water  mixing or  ion d i f f u s i o n  in the 
zone of  d i f f u s i o n  s e p a r a t i n g  f r e s h  ground waters  from 
i n t e r s t i t i a l  mar ine waters  in and beneath the beach se ­
quence.  Folk ( 1965)  s t a t e s  t h a t  the r e c r y s t a l  11z a t l o n  
process may be r e l a t e d  1 n some way to wa t e r  s a l i n i t y  be­
cause mi c r ospar  most commonly occurs In b r a c k i s h  ( i . e . .  
mixed)  wa t e r  and mar i ne  d e p o s i t s .  Thus* both g r a i n  I n v e r ­
sion and m a t r i x  r e c r y s t a l 1 1 z a t 1 on may take  p l ace  1 n the  
same chemical  env i r onment .  Much mi crospar  Is 1n o p t i c a l  
c o n t i n u i t y  w i t h  r e c r y s t a l l i z e d  g r a i n s  in the l agoonal  s e ­
quence;  because of  t h i s  r e l a t i o n ,  i n v e r s i o n  and r e c r y s t a l ­
l i z a t i o n  of  one of  these members could have Induced,  or  
se t  up n u c l e a t l o n  s i t e s  f o r ,  the r e c r y s t a l 1 1 z a t l o n  of  the  
o t h e r .  Thi s  r e l a t i o n s h i p ,  however ,  could be pur e l y  c o i n ­
c i d e n t a l  and r e l a t e d  to a much l a t e r  stage of  advanced 
r e c r y s t a l  1I z a t l o n  ( I . e . ,  dur i ng  b u r i a l ) .  E x a c t l y  why most  
of  the m l c r l t e  1 n the shoal  u n i t  d i d  not  r e c r y s t a l 1 1 ze to  
mi crospar  1s a p e r p l e x i n g  q u e s t i o n .  In l i g h t  o f  the d i s ­
cussion above,  t h i s  phenomenon may be r e l a t e d  to the r e l a ­
t i v e  absence o f  r e c r y s t a l l i z e d  mol l usk s .
The r ep l acement  of  c e r t a i n  l agoonal  beds by coarse  
do l o m i t e  was pos s i b l y  Induced by the presence o f  d e t r l t a l
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d o l o m i t e .  Dol omi11 zed beds c o n t a i n  more r e c o g n i z a b l e  d e t -  
r i t a l  d o l omi t e  ( F i g ,  18 H) than do the p e l l e t e d  l ime pack-  
stone nodules and r e c r y s t a l l 1 zed beds (Amsbury,  1962,  a lso  
noted d e t r i t a l  d o l omi t e  in the Cow Creek u n i t s ,  but  did  
not c o r r e l a t e  I t s  presence to the do 1 omi 1 1 z a t i o n  of  the  
se d i ment s ) .  Lindholm ( 1969)  suggests t h a t  the presence of  
d e t r i t a l  d o l o m i t e  1 n a l ime mud a l l e v i a t e s  the k i n e t i c  
problem of  n u c l e a t l o n ,  u n l e s s ,  of  cour se ,  the nuc l e i  are  
coa t ed .  He a l so  po i n t s  out  t h a t  1n l i mes t one  I n i t i a l l y  
c o n t a i n i n g  4 per c ent  d e t r i t a l  d o l o m i t e ,  a l l  t h a t  1 s neces­
sary to c o n v e r t  the rock c omp l e t e l y  to do l omi t e  i s  a 
t h r e e - f o l d  I nc r e a s e  in s i z e  ( I . e . ,  a 2 7 - f o l d  i nc r e as e  1n 
volume) through d l a g e n e t l c  overgrowth .  I t  seems l o g i c a l  
to assume,  t h e r e f o r e ,  t h a t  c e r t a i n  beds w i t h i n  the l agoonal  
sequence were more amenable to dolom1 1 1 z a 1 1 on than o t he r s  
because o f  the presence o f  numerous d e t r i t a l  d o l omi t e  
seeds.  Overgrowth took p lace on some o f  these seeds,  as 
I n d i c a t e d  by t he  presence o f  nuc l e i  (which ar e  s i z e  sor ted  
wi th the i nc l uded  q u a r t z  sand) w i t h i n  rhombs t h a t  are  up 
to 1 mm (RE^_g) in  s i z e .  Dolomi te  undoubtedly did n u c l e a t e  
at  p r e f e r a b l e  s i t e s  w i t h i n  the l ime mud, because f i n e r  
dolom1 cr ospar  ( RE2 ) 1 s a l s o  common.
Only minor  d e t r i t a l  d o l o m i t e  was d e t e c t e d  1n the  
shoal  u n i t .  This suggests t h a t  only  a smal l  amount of  1t  
was dep os i t e d  1 n these beds,  or  the do l omi t e  which did  
reach the shoal area was 1 n the m l c r l t e  and f i n e  mi crospar
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s i z e  ranges.  Thi s  l a t t e r  suggest i on seems to be more 
l o g i c a l  because o t h e r  t e r r i g e n o u s  d e t r i t u s  d i s p l a y s  a 
gradual  f i n i n g  downwards through the sequence ( towards  
deeper  o f f s h o r e  e n v i r on me nt s ) .  Al though the presumed 
d e t r i t a l  d o l omi t e  was very  f i n e  g r a i n e d ,  t h i s  is not  a 
s u f f i c i e n t  e x p l a n a t i o n  f o r  the f i n e  g r a i ned  na t ur e  of  the  
d i a g e n e t l c  d o l o m i t e .  Aga i n ,  as f o r  the m l c r l t e  1n the  
shoal  beds,  the w r i t e r  1 s a t  a loss to e x p l a i n  why the 
r epl acement  do l omi te  I s  not  as coarse as 1 t  1 s 1 n the over -  
l y i n g  and un d e r l y i ng  d o l omi t e  u n i t s .
Dolom1t1zat1on of  the l a g o o n a l ,  shoal  and Hammett 
de p os i t s  was e a r l y  enough to a l l o w  d o l o m l t l z e d  l l t h o c l a s t s  
to be reworked I n t o  the o v e r l y i n g  beach sediments.  Once 
a g a i n ,  as f o r  t he  case of  g r a i n  and m a t r i x  r e c r y s t a l  1 1 z a -  
t l o n ,  the a u t hor  c a l l s  on a wat e r  mix ing me c h a n l s m- - t h 1 s 
t ime to e f f e c t  the d o l o m i 1 1z a 1 1 on of  these u n i t s .  Fresh 
r e g i ona l  w a t e r s ,  o r i g i n a t i n g  I n  the Llano U p l i f t ,  and 
d r a i n i n g  through the Pa l e ozo i c  d o l o m i t e s ,  could have acted  
as one source f o r  the magnesium necessary to d o l o m l t l z e  
the 1 1me muds. Mix i ng o f  these waters  w i t h  mar ine I n t e r ­
s t i t i a l  w a t e r s ,  both 1 n subsea r eg i ona l  d i s char ge  a r e a s ,  
and more w i d e l y  1 n the zone of  d i f f u s i o n  s e p a r a t i n g  the  
f r e s h  and s a l t  waters  beneath the beach beds (Kohout ,
1 9 6 0 ) ,  would supply a d d i t i o n a l  magnesium t o  the system.  
Mixing would a l so  r a i s e  the a c t i v i t y  c o e f f i c i e n t  of  the  
magnesium Ion (and decrease  complex lng)  so t h a t  s m a l l e r
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molal  c o n c e n t r a t i o n s  of  magnesium ( I . e . ,  than 1 n waters  
wi t h  high I on i c  s t r e n g t h s  [ Oef f eyes  and o t h e r s ,  1965 ] )  
would be needed to cause do 1o m1 1 1 z a t l o n . Thermodynamic 
c a l c u l a t i o n s  and f i e l d  ev idence from F l o r i d a  a q u i f e r s  
(Back and Hanshaw, 1966,  1970;  Hanshaw and o t h e r s ,  1971)  
i n d i c a t e  t h a t  l i mes t one  can be r ep l aced  by do l omi t e  in  
f r e s h  water  systems which have M g / C a i l . Hanshaw and ot hers  
( 1971 )  h ypot hes i z e  t h a t  d o l o m i t 1zat1on can r e a d i l y  take  
place  1 n the zone of  d i f f u s i o n  which separa tes  meteor i c  
f r e s h  water  lenses from i n t e r s t i t i a l  s a l t  waters  1 n c o a s t a l  
a q u i f e r s .  The working f e a s i b i l i t y  o f  t h i s  d o l o m i t i z a 1 1 on 
model and the a t t e mpt  to c o n s t r u c t  an o v e r a l l  d l a g e n e t l c  
model f o r  the Cow Creek Llmestone-Hammett  Shale I n t e r v a l s  
w i l l  be presented 1 n the conc l us i ons  and I m p l i c a t i o n s  of  
t h i s  s tudy.
Carbonate Cements
General
The car bonat e  cements encountered in the Cow Creek 
beds can be subdi v i ded I n i t i a l l y  I n t o  two g e n e t i c  c a t e ­
g o r i e s :  those o r i g i n a t i n g  by pure physlochemlcal  p r e c i p i ­
t a t i o n  from f r e s h ,  mar ine or  mixed w a t e r s ,  and those which 
ar e  a s s o c i a t e d  w i t h ,  or  are the r e s u l t  o f ,  a l g a l  or  fungal  
g r o w t h .
This second group 1s e i t h e r  composed of  m l c r l t e  or  
d o l o m l c r l t e  and 1 s r e s t r i c t e d  to the uppermost beach
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f o r e s h o r e  beds ( F ac i e s  X) and the "mar ine" f u n g - a l g a l  
c a l i c h e  ( Fa c i e s  X I ) .  Because these a r e  g e n e t i c a l l y  r e l a t e d  
to the mar ine c a l i c h e s *  they w i l l  be discussed under t h a t  
t o p i c  (p.  12 4 ) .  The f i r s t  o f  these types are the spar  
cements of  Folk ( 1 9 6 2 ) .  These cements are c l a s s i f i e d  on 
the basis  of  mi ner a l ogy  ( a r a g o n i t e ,  high Mg c a l c l t e ,  low 
Mg c a l c l t e ) ,  shape,  s i z e ,  o r i e n t a t i o n ,  and the s u b s t r a t e  
upon which they deve l op .
The mi ner a l ogy  o f  carbonate  cements depends on the  
chemi s t r y  of  the p r e c i p i t a t i n g  f l u i d s .  Low Mg c a l c l t e  
cements a r e  p r e c i p i t a t e d  from f r e s h  waters 1 n the vadose 
and p h r e a t l c  zones (Fr i edman,  1964;  F o l k ,  1965)  and they  
are by f a r  the most common types found 1n the Cow Creek 
Limestone and 1n o t he r  c a r b o na t e s .  On the o t h e r  hand,  
cements composed o f  a r a g o n i t e  or  high Mg c a l c l t e  (or  
s t a b i l i z e d  cements o r i g i n a l l y  composed of  these  two m i n e r ­
a l s )  p r e c i p i t a t e  from mar ine or s e a - f r e s h  wat er  admixtures  
in carbonat e  sands on the sea f l o o r ,  1 n r e e f s ,  or in the 
i n t e r t i d a l  (beach)  zone ( Sc h ma l t z ,  1971;  Land,  1970;  
Fr iedman,  1968;  Shinn,  1969;  T a y l o r  and I l l i n g ,  1969 ) .
The shape and s i z e  of  a spar  cement 1s dependent  
upon i t s  o r i g i n a l  m i n e r a l o g y ,  I t s  s u b s t r a t e ,  pore s i z e ,  
and the r a t e  and t i me span o f  the p r e c i p i t a t i o n  process.
Low Mg c a l c l t e  cements are u s u a l l y  e i t h e r  bladed (PB) or  
equant  ( PE) ,  and r a r e l y  f i b r o u s  (PF)  1n shape ( F1 g . 19 A-E;  
B a t h u r s t ,  1958;  Fr i edman,  19 6 4 ) .  Bladed cement ,  ar ranged
F i g u r e  19. C a r b o n a te  cements .
A.  Bladed spar cement (PB5 O) in o p t i c a l  c o n t i n u i t y  
w i t h  o y s t e r  f ragment ;  xN.
B.  Monocr ys ta1 1 i n e „ o p t i c a l l y  cont inuous e g u a n t  s par  
/«,- « \ - - (veioped on ech i no i d  f ragment  (upper
C.  Equant cement mosaic (PE3 ) In we l l  s o r t e d ,  we l l  
rounded l i me  g r a l n s t o n e .
D.  Bladed f i r s t  g e n e r a t i o n  spar  (PB4 C) on r e c r y s t a l ­
l i z e d  mol lusk f r agment ;  xN.
E.  B 1 a d e d - f 1brous (PB3 C-PF3 C) on m1cr1t1zed o y s t e r s ;  
t h i n  m l c r i t e  envelope on moldlc  c a v i t y  f i l l i n g
on r i g h t .
F. Re cr ys t a l  11 z e d - 1 n v e r t e d  f i b r o u s  f i r s t  g e n e r a t i o n  
spar ( PF3 ) and m l c r i t e  cement (PE*i ) ,  both of  
I n t e r t i d a l  o r i g i n .
G.  Large m l c r o s t a 1 ac t  111c bladed cements 
( PBd . 6 C-PB4 _6 0 ) 1 n r e c r y s t a l l i z e d  mol lusk l ime  
g r a i n s t o n e ;  bladed cements a r e  always l a r g e r  on 
g r a i n  und er s i de s .  xN
H. Beachrock c l a s t  ( t r u n c a t e d  g r a i ns  and cements)  wi t h  
PF3  and PEi cements.
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Figure 19.
1 0 6
p e r p e n d i c u l a r  to  the g r a i n  s u r f a ce  (F1g.  19 A, D ) f 1s nor ­
ma l l y  the f i r s t  cement type which forms 1n a pore.  Equant  
cement occludes pore c e n t e r s  and t y p i c a l l y  d i s p l a y s  no 
o r i e n t a t i o n .  Both of  these cements may be 1n o p t i c a l  con­
t i n u i t y  w i t h  a g r a i n ;  o p t i c a l l y  cont inuous bladed cement  
(PBO) may develop on f o l i a t e d  or  p r i s m a t i c  s he l l  s t r u c t u r e s  
(F1g.  19 A) and m o n o c r y s t a l l i n e  overgrowths of  equant  
cement (PEOm) nor mal l y  p r e c i p i t a t e  on echlnoderm f ragments  
( F1g . 19 B) .  A r a g o n i t e  cements have a f i b r o u s  or " m l c r l t l c "  
h a b i t  (F1g.  19 F) whereas high Mg c a l c l t e  cements are gen­
e r a l l y  rhombohedral  or  " m l c r l t l c "  (C.  H. Moore,  personal  
communicat ion,  1 9 7 1 ) .  The s t a t e  of  the a r t  concerning sub­
mar i ne  and I n t e r t i d a l  beach rock cements 1 s e x c e l l e n t l y  
summarized 1n the 1969 Sedlmentology ( v o l .  1 2 ) ,  and the  
book,  Carbonate Cements, e d i t e d  by B r l c k e r  ( 1 9 7 1 ) .
Cement f a b r i c  can be I n d i c a t i v e  o f  vadose or phre-  
a t l c  zone p r e c i p i t a t i o n ,  such as 1 n the case of  Isopachous  
( p h r e a t l c )  cement (F1g.  19 F; Land,  1 9 7 0 ) ,  and m l c r o s t a l a c -  
t l t l c  (vadose)  cement ( F i g .  19 G; T a y l o r  and 1111ng, 1969 ) .  
M i c r o s t a l a c t l t i c  cement p r e c i p i t a t e s  from water  which 
c l i n g s  by s u r f a c e  t e n s i o n  to g r a i n  u nd e r s i de s ,  whereas the 
f o r ma t i o n  o f  a r i n d  o f  Isopachous cement n e c e s s i t a t e s  
equal  r a t e s  of  p r e c i p i t a t i o n  from a l l  s ides of  a g r a i n .  
U n f o r t u n a t e l y ,  m l c r o s t a l a c t 1 t i c  cements a r e  r a r e ,  and i s o ­
pachous cement can form 1 n the vadose as we l l  as 1 n the  
p h r e a t l c  zone (Ward,  19 70 ) .
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One o t h e r  e a s i l y  u t i l i z e d  c r i t e r i o n  which may be of  
some a i d  In  d e t e r mi n i n g  car bonat e  cement a t i on  envi ronments  
is the I r o n  c o n t e n t  of  the cements as det er mi ned by s t a i n ­
ing (Evamy, 19 69 ) .  C a l c i t e s  c o n t a i n i n g  f e r r o u s  i r on  are  
presumably p r e c i p i t a t e d  in the p h r e a t i c  zone where i n t e r ­
s t i t i a l  wat e r  c h a r a c t e r i s t i c a l l y  has a low Eh. Vadose 
waters  are nor ma l l y  o x i d i z e d  and a g r e a t e r  p r o p o r t i o n  of  
i r o n  pr esent  Is in  the form o f  f e r r i c  I r o n ,  which w i l l  not  
s u b s t i t u t e  f o r  ca l c i um because of  the d i f f e r e n c e  in va lence  
and i o n i c  r a d i u s .
However,  t h i s  s imple c r i t e r i o n  does not always w i t h ­
stand the r i g or o u s  t e s t s  Imposed by n a t u r e .  Cements p r e ­
c i p i t a t e d  from 1 r o n - d e f 1 c 1 ent  p h r e a t l c  waters may not  con­
t a i n  s u f f i c i e n t  f e r r o u s  I r o n  to be d e t e c t e d  by s t a i n i n g ^  
f u r t h e r m o r e ,  p h r e a t l c  waters  may be o x i d i z e d ,  or vadose 
waters may be reduced,  depending on the p r e v a i l i n g  c l i m a t e ,  
the amount of  v e g e t a t i v e  cover  1 n the ground wat e r  recharge  
a r e a ,  and the presence of  m i n e r a l s  which may r e a d i l y  lower  
the Eh dur i ng  t h e i r  o x i d a t i o n .  However,  when f e r r o a n  c e ­
ments a r e  j ux t apos ed  w i t h  i r o n - f r e e  cements,  e i t h e r  w i t h i n  
a pore ,  a t h i n  s e c t i o n ,  or t hroughout  a s t r a t l g r a p h i c  se­
quence,  more assurance can be placed 1 n the I n t e r p r e t a t i o n  
t h a t  those w i t h  f e r r o u s  i r o n  were p r e c i p i t a t e d  under phr e ­
a t l c  c o n d i t i o n s ,  and those w i t h o u t  f e r r o u s  i r o n  were 
formed 1 n the vadose zone.
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01s t r 1 b u t 1 o n
Most cement types and cement r a t i o s  show h i g h l y  s i g ­
n i f i c a n t  I n t e r v a l  v a r i a t i o n s  (Appendix B) .  The l e a s t  
squares means f o r  most f i b r o u s  and bladed cements (PF ' s  
and P B ' s ) ,  and a l l  random equant  cements ( P E ' s ) ,  i nc r e a s e  
upward from the shoal  to the f o r e s h o r e  ( T a b l e  7 ) .  Mono­
c r y s t a l l i n e  overgrowths ( P E O ^ s )  a r e  most common in the 
upper o f f s h o r e  beds,  whereas o p t i c a l l y  cont inuous equant  
cements (PEO's)  decrease 1n abundance downward from the
f o r e s h o r e  sequence.  The r a t i o s  shown 1n Table  7 were de­
r i v e d  1 n o r d er  to deter mi ne  the cement types or  cement  
groups r e l a t i v e  to o t h e r s .  I t  should be noted t h a t
t hroughout  most o f  the sequence:
1) T o t a l  cement I nc r eases  upward,  as I n d i c a t e d  by the 
means f o r  t he  i n d i v i d u a l  cement types and E m a t r i x /  
l  cements.
2) F ibrous and bladed cements show an upward I nc r e a s e  
i n  f requency  r e l a t i v e  to ca r bonat e  g r a i n s
[Z a l l oc hems / Z  (PF + PBO + PBC)2 _4 ] .
3) F ibrous and bladed cements show an upward I nc r e a s e  
In f requency  r e l a t i v e  to equant  cements
[E (PE + PEO + PE0m) 2 _ 6/ I  (PF + PBO + PBC ) 2- 4^
4.  Bladed cement c r y s t a l s  a r e  c o a r s e r  1n the beach 
f o r e s h o r e  I n t e r v a l  than I n  the upper o f f s h o r e  
I n t e r v a l  [ z  (PB2 ) + PBgC + PF’ s ) / PB3 4 C]
Table 7. Cement D i s t r i b u t i o n s
LagoonFacies
Shoal
Var iable Nodules Other Units
Upper
of fshore
FIBROUS AND BLADED CEMENTS 
PFO's + PFC’ s (4-250p)
PBO1s (4 -250u)
PB2C ( 4 - 1 6 u )  ( * * )
PB3C ( 1 6 - 6 4y) ( * * )
PB4C (64-250U) ( * * )
tpb2o + PBC + PF
EPB3 . 4 C
( * * )
.01
1 . 00
2.87
1.70
.05
.79
.00
.97 ? N BO 
.00  
1.75? NBC. 
.13 ? NBC4
. 2 2
.00
.23? NBO 
1 . 927NBC, 
1. 8 6 ?NBC. 
.00
.46
.01
1.15
7.93
5.98
.28
1.44
EQUANT CEMENTS 
Monocrystal  11ne
PE4°m {64-25Oy) { * * )
PE5-6°m ( . 2 5 - 4  mm) ( * * )
.25
. 1 9
.60 ? N EO 
.367NE0
m4
m5-6
.46 ? N EO 
.65 ? NEO
m4
m5-6
1.85
3 . 1 3
Opt i ca l l y  Continuous 
PE30 (16-64u ) ( * * )  
PE40 ( 6 4 - 2 50m) ( * * )
PE5_60 ( . 2 5 - 4 mm) ( * * )
1 . 2 2
.47
. 02
3 . 48?N EO 3 
. 997NE0.
. 747NE0 5-6
3 . 6 7 ? N E 0 ; 
2 . 90?NEo]  
. 4 3 7 N E 0 5-6
4.19
2.92
1.26
Foreshore
. 22
2 . 1 0
14.07
12.67
.42
1 . 2 2
. 84
2,17
1 . 9 5
4.41
2.21
Table 7 (con t in ued )
Facies Lagoon Upper
Other Units of fshoreShoal ForeshoreNodulesVariable
Random
PE2  (4-1 fly)
PE3 ( 16 - 64y) ( * * )
PE4  (64-250u) ( * * )
PE5 _ 6  ( . 25 - 4  mm) ( * * )
PE, , 0  + PE, ,
f c *  J _______________________________ ( i t  i t  \
£(PE + PEG + >E0m) 4J  *
I  M a t r l x / I  Cement ( * * )
Other Ratios
£ Allochems tJ. x
f (PF + PBO + PBC) 2 . 4  1 '
£(PE + PEO + PE0m ) 2 _ 6
eT?F + F IS  + PBC)2-4
£ PEO
n r (**)
£ Clast ics w/PF or PB , _ ,  
m a s t i c s --------------------- ( * * )
I ron-Content  ( * * }
6.02 6 . 6 1 ?NE.
9.25 12.92?NE!
4.24 8.097NE]
.13 . 607NE 5-6
3.28 4.93
3.24 6.03
19.16 6.72
4.56 6.54
.16 .74
.001 . 01?NB
2.96 4.22
7 .05?NE. 
18.46 ? NE• 
1 1 . 22?NE  ^
.63 ? NE5-6
7.97
.79
13.69
11,88
.62
. 007?NB 
3.90
9.18
29.40
14.85
1.38
3.85
.67
7.25
6.14
.73
.04
4.33
9.82
31.19
18.06
1.59
2. 68
.05
4.11
4.54
1.99
.13
4.85
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5) The p r o p o r t i o n  ( Z e l a s t i c s  wi t h  PB or  PF) /
Z e l a s t i c s  I n d i c a t e s  t h a t  more d e t r i t a l  g r a i ns  were  
bound by PB or PF In the f o r e s ho r e  u n i t  than 1n any 
o t h e r .
6 ) There Is an I ncr ease  1n c o a r s e l y  c r y s t a l l i n e  equant  
cement f requency r e l a t i v e  to t h a t  of  smal l  equant  
cement from the lagoonal  I n t e r v a l  I n t o  the f o r e ­
shore u n i t
<PE2 _ 3 °  + PE2 . 3 ) / I  (PE + PEO + PE0m) 4 _6
7)  Fer roan c a l c l t e  c o n t e n t  o f  t h i n  s e c t i ons  decreases  
upward (a l a r g e r  number I n d i c a t e s  l ess f e r r o a n  
c a l c  1 t e ) .
I n t e r p r e t a 1 1on
G e n e r a l . - - S e d i m e n t  s i z e ,  g r a i n  s o r t i n g ,  and mud 
winnowing a l l  i n c r e a s e  upward from the o f f s h o r e  through  
f o r e s h o r e  u n i t s  o f  the beach sequence.  Thus,  pore s i z e  
and c l e a n l i n e s s  would a l s o  I nc r e as e  upward,  and t h e r e f o r e  
one would expect  t he  s i z e  o f  I n d i v i d u a l  cement c r y s t a l s  
and the t o t a l  cement volume to I nc r e as e  upward.  As p r e ­
d i c t e d ,  these r e l a t i o n s h i p s  are borne out  1n the Cow Creek 
sequence:  cement becomes more abundant  upward (z m a t r i x /
Z cement )  and the c o a r s e l y  c r y s t a l l i n e  cements are most  
common In the beach f o r e s h o r e  u n i t  [ ( P E 2 _ 3 0  + P2 3 E ) /
Z (PE + PEO + pE0m>4 _6 ; Z (PB20 + PB2C + PF1 S) / PB3 _ ^ C ] . 
Coarse,  m o n o c r y s t a l l i n e  cements ( P 6 0m) are most common
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in the upper o f f s h o r e  u n i t  because these beds are coarse  
g r a i n e d ,  poor l y  s o r t e d ,  and c o n t a i n  an abundance of  e c h i -  
noid f ragment s .
Three s i g n i f i c a n t  aspects of  Cow Creek cementat ion  
are not  f o r e c a s t  by the sedimentary  process- response beach 
model .  F i r s t  among these 1s the sporadic  occur rence of  
I n t e r t i d a l  beachrock cements.  Secondly ,  f i b r o u s  and 
bladed cements are the l a r g e s t  and most abundant  in the  
f o r e s h o r e  beds.  T h i r d l y ,  p r o g r e s s i v e l y  l ess f e r r o a n  c a l ­
c l t e  cement ,  and more I r o n - f r e e  cement ,  occurs h i g he r  in  
the sequence.
The "cements" coded ?N  1n the cement d i s t r i b u t i o n
c h a r t  may be e i t h e r  r e c r y s t a l l i z e d  m a t r i x  or  r e c r y s t a l ­
l i z e d  cements,  or  both;  these ar e  d iscussed b r i e f l y  1 n 
Appendix D4.
I n t e r t i d a l  C e me nt a t i o n . - - S t a b i l i z e d  f i b r o u s  and ml ­
c r l t l c  mar ine beachrock cements,  which were o r i g i n a l l y  
composed o f  a r a g o n i t e  or  high Mg c a l c l t e ,  a r e  found most ly  
1 n l ime g r a l n s t o n e  c l a s t s  1 n the f o r e s h o r e  sequence;  they  
are developed 1 n s i t u  1 n the f o r e s ho r e  a c c r e t i o n  beds a t  
l o c a t i o n  14 1n the main Cow Creek beach,  and a t  l o c a t i o n  7 
1 n the lower  "Hammett" beach (F1g.  4 ) .  The f i b r o u s  cements 
noted a t  l o c a t i o n  14 and 1n the l ime g r a l n s t o n e  c l a s t s  
( F i g .  19 F,  H) show signs of  r e c r y s t a l  11z a t l o n  ( s e r r a t e  
edges) ,  and occur  as equal  t h i c knes s  "onion sk i n"  r i nds  
(Land,  1970)  on g r a i n s ;  m l c r l t l c  cements develop as c r u s t s
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on these r i n ds  or c ompl e t e l y  occ lude the pore space r ema i n ­
ing a f t e r  I n i t i a l  cement a t ion  by the f i b r o u s  cements.
Both of  these  cement types mimic the Recent  submarine and 
beachrock cements r epor t ed  on by innumerable workers in 
the past  t h r e e  year s  ( Sh i nn,  1969;  T a y l o r  and I I 11ng, 1969;  
Carbonate Cements, 1 9 7 1 ) ,  and because the f i b r o u s  cement  
forms an e q u a l l y  t h i c k  c r u s t  on g r a i n s ,  1 t  i s  I n t e r p r e t e d  
as having been p r e c i p i t a t e d  1 n the mar ine p h r e a t l c  zone 
(Land,  19 7 0 ) .  A l l e n  ( 1 9 70 )  has a l so  I d e n t i f i e d  s i m i l a r  
cements 1n another  Lower Cretaceous beach sequence of  
Ce nt r a l  Texas.
The "Hammett" beach a t  l o c a t i o n  7 d i s p l a y s  the most  
s p e c t a c u l a r  cement f a b r i c s  noted 1 n the e n t i r e  sequence.  
Here ,  rudaceous coqul nas ,  composed almost  compl e t e l y  of  
r e c r y s t a l l i z e d  a r a g o n i t e  mo l l us k s ,  are bound w i t h  bladed  
and f i b r o u s  cements t h a t  range upwards to 2  mm 1 n l engt h  
(F1g.  20 A, B) . These blades t y p i c a l l y  widen outwards  
from t h e i r  bases on mol lusk f r a gment s ,  and blades commonly 
c o n t a i n  b lack  ( p y r l t l c ? )  t r a ce s  o f  r e l i c t  f i b r o u s  cements.
A m l c r o s t a l a c t l t i c  ar rangement  ( I n  which the cement f r i n g e s  
are t h i c k e r  on g r a i n  under s i des )  1s common ( F i g .  19 G) ;  
T a y l o r  and 1111ng ( 1969)  have r e p o r t e d  s i m i l a r  cements 
from carbonat e  beaches 1n the Per s i an  G u l f ;  he r e ,  as a l so  
I n f e r r e d  f o r  l o c a t i o n  7,  the m i c r o s t a l a c t l t i c  na t ur e  of  
the cements r e s u l t s  through the p r e c i p i t a t i o n  o f  a r a g o n i t e  
from water  d r o p l e t s  l e f t  c l i n g i n g  to the undersides of
F i gur e  20.  Carbonate cements and "mar ine" f u n g - a l g a l  
c a l i c h e .
A. Bladed m l c r o s t a 1a c t 1t 1c cement (PBg.gC)  in  l ime  
g r a l n s t o n e  from "Hammett" beach f o r e s ho r e .
B. Bladed ( r e c r y s t a l l i z e d  f i b r o u s )  cement wi th  r e l i c t  
f i b r o u s  t r a c e s  ( p a r a l l e l  b lack l i n e s )  and black  
( p y r l t l c ? )  l i n e s  p a r a l l e l i n g  the edge of  the b i o ­
c l a s t  1 t  1 s developed upon.
C. Dol omi te  s i l t  perched on f i r s t  g e n e r a t i o n  bladed  
cement .
D. D o l o m i c r i t e - m 1 c r 1 t e  m a t r i x  of  "mar ine"  c a l i c h e  
1 1 me wackest one .
E. C a l i c h e  d o l o m l t l c  l ime packstone wi t h  bored and 
m1 c r 1 t 1 zed g r a i n s ;  pore space 1 s almost  e n t i r e l y  
occluded by m1 c r 1 t e - s 1 ze cements.
F. C a l i c h e  d o l o m l t l c  l ime packstone-wackestone wi t h  
vaguely v i s i b l e  m i c r l t l z e d  and p a r t i a l l y  dol oml -  
t l z e d  g r a i n s ;  a l l  a r a g o n l t l c  g r a i n s  have been 
removed by l ea c h i n g .
G. Br ec c i a  f r a c t u r e s  1n sandy d o l omi t e  mudstone;  
f r a c t u r e s  f i l l e d  w i t h  q t z .  s a n d - s l i t  and m1 c r 1 t 1 c-  
dolom1 c r 1 t 1 c vadose s i l t .
H. D o l o m l t l c  l ime wackestone w i t h  m i c r l t l z e d  g r a i n  
( r i g h t )  and o y s t e r  surrounded by c 1 rcumgranular  
crac k .
*02 ajnb-tj
f r l l
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gr a i ns  dur ing low t i d e ;  t hus ,  the f i b r o u s  m l c r o s t a l a c t l t i c  
cements are the on l y  cements 1n the Cow Creek t h a t  can 
u n e q u i v o c a l l y  be sa id  to have formed 1 n the mar ine vadose 
env 1 ronment .
R e c r y s t a l 1 1zed isopachous f i b r o u s  cements,  resemb­
l i n g  those found a t  l o c a t i o n  14,  a r e  s p o r a d i c a l l y  p r es ent  
and c o n t a i n  b lack p y r l t i c  t r a c e s  which d e f i n e  t h e i r  o r i g i ­
nal morphologies ( F i g .  20 B) ;  these cement f r i n g e s  may 
also d i s p l a y  t h i n  black or m l c r l t l c  l i n e s  which p a r a l l e l  
the s h e l l  f ragment  on which they a r e  deve l oped.  T a y l o r  
and 1111ng (1 968)  note a l t e r n a t i n g  f i b r o u s  and m l c r l t l c  
bands In submarine cements and suggest  t h a t  the m l c r l t l c  
bands r e p r e s e n t  zones of  a r r e s t e d  f i b r o u s  cement growth,  
dur i ng  which t ime the outermost  f r i n g e  of  the f i b r o u s  band 
1 s a l t e r e d  t o ,  or  coated by,  a c r u s t  o f  m i c r o c r y s t a l  1 1 ne 
high Mg c a l c l t e .  Besides these c r u s t s .  I n f i l t r a t e d  mi c r o -  
c r y s t a l l i n e  c a l c l t e  can be seen perched on the f i b r o u s  
cements ( F i g .  20 C) .  I n f i l t r a t i o n  may have taken p lace  
e i t h e r  dur i ng  exposure 1 n the beach vadose zone or dur i ng  
resubmergence and b u r i a l  beneath the shoal  beds t h a t  were  
depos i t ed  on the top o f  t h i s  beach.
The absence o f  s u p e r s a t u r a t e d  mar ine I n t e r s t i t i a l  
waters  and the proper  m i c r o f l o r a ,  or  very r a p i d  beach ac ­
c r e t i o n  a r e  p os s i b l e  e x p l a n a t i o n s  f o r  why I n t e r t i d a l  
marine vadose and p h r e a t l c  beachrock f o r ma t i on  did not  
t ak e  p l ace  more o f t e n .  On the o t h e r  hand,  evidences f o r
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a r a g o n i t e  and high Mg c a l c l t e  cements may e i t h e r  have been 
removed by subsequent  d i a g e n e s i s ,  or  they  j u s t  cannot  be 
r e cogni zed .  Because some of  the f a b r i c s  of  the "mar ine"  
f u n g - a l g a l  c a l i c h e s  bear  a s t r i k i n g  resemblance to those  
of  beachrocks,  the d i s t i n c t  p o s s i b i l i t y  a r i s e s  t h a t  some 
of  the "mar ine"  f u n g - a l g a l  c a l i c h e s  could have o r i g i n a l l y  
been I n t e r t i d a l  beachrocks,  but  were mod i f i e d  l a t e r  by 
d e s i c c a t i o n ,  expansi on,  d i s s o l u t i o n ,  and the l i k e .
Bladed Cements. - -One p o s s i b l e  hypot hes i s  r e ga r d i ng  
the i ncreased  p r o f us i on  and s i z e  o f  bladed and f i b r o u s  
spar 1 n the f o r e s h o r e  u n i t  r e l i e s  e s s e n t i a l l y  on the d i s ­
t r i b u t i o n s  of  i n v e r t e d  g r a i n s ,  ( N ^ ) # moldlc c a v i t y  f i l l e d  
( Ps ) mol lusk g r a i n s ,  and m l c r i t e  enve l opes ,  and on the  
chemical  s i t u a t i o n  set  up by the mix ing of  f r e s h  and 
mar ine wa t e r s .  S o l u t i o n s  permeat ing downward i n t o  the  
beach sediments began to e q u i l i b r a t e  w i t h  t h e i r  new en ­
v i ronment  by r a p i d l y  c o n v e r t i n g  m i c r o c r y s t a l l i n e  g r a i n  en­
velopes to c a l c l t e ,  and c o n c u r r e n t l y  or s h o r t l y  a f t e r wa r ds  
d i s s o l v i n g  a r a g o n i t e  g r a i ns  from the f o r e s h o r e  a c c r e t i o n  
u n i t s .  These water  were probabl y  s a t u r a t e d  wi t h  respec t  
to c a l c l t e ,  and on l y  l a t e r ,  dur ing f u r t h e r  downward and 
l a t e r a l  movements,  d id they  reach a r a g o n i t e  s a t u r a t i o n  and 
s t a b i l i z e d  g r a i ns  through I n v e r s i o n .
Al though beach i n t e r s t i t i a l  f l u i d s  were more s a t u ­
r a t e d  1 n the l ower  f o r e s h o r e  and u nde r l y i ng  u n i t s ,  the ab­
sence of  abundant  c a l c l t e  n u c l e a t l o n  sur f aces  ( i . e . ,
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i n v e r t e d  enve l opes)  probably  i n h i b i t e d  the p r e c i p i t a t i o n  
of  excess ca l c i um car bonat e  as low Mg bladed and f i b r o u s  
spar .  P i n g a t o r e  ( 1970 )  has noted a s i m i l a r  phenomenon 1n 
the P l e i s t o c e n e  o f  Barbados,  where onl y  the i n v e r t e d  p o r ­
t i o n s  of  c o r a l  f ragments bear  c a l c l t e  cements.  Numerous 
o t h e r  workers ( Fr i edman,  1964;  Gavlsh and Fr iedman,  1969;  
Mat thews,  1967;  H a r r i s  and Mat thews,  1968)  have also r e ­
corded abundant  I n i t i a l  cement a t i on  from the l o c a l  d i s s o ­
l u t i o n  of  a r a g o n l t l c  g r a i n s  1n P l e i s t o c e n e  rocks exposed 
t o  f r e s h  wa t e r s .
However,  nothing has been sa id  o f  the c o m p l e x i t i e s  
and a l t e r n a t i v e s  o f f e r e d  by the c o n s i d e r a t i o n  of  what hap­
pens when f r e s h  waters  I n t e r m i x  w i t h  s a l i n e  w a t e r s .  Be­
cause s a l i n e  waters  have high 1 on1 c s t r e n g t h s ,  the a c t i v i t y  
c o n c e n t r a t i o n  r a t i o s  of  d i s s o l v e d  1 ons are lower  than those  
In f r esh  wa t e r s ;  moreover ,  more complexlng takes p l ace  In 
marine w a t e r ,  and 1 t  a l so  co n t a i ns  1 ons,  magnesium 1 n p a r ­
t i c u l a r ,  which I n h i b i t  the n u c l e a t l o n  o f  low Mg c a l c l t e  
( Be r n e r ,  1966;  B l s c h o f f  and F y f e ,  1 9 6 8 ) .  Runnel l s  ( 1969)  
and o t her s  p r e v i o u s l y  have poi n t ed  out  t h a t  the mixing of  
two d i s s i m i l a r  but  ca r bonat e  s a t u r a t e d  waters  r e s u l t s  In 
the d i s s o l u t i o n  o f  more c a r b o na t e .  V e r t i c a l  d i f f e r e n c e s  
1 n the s i z e s  and amounts of  bladed and f i b r o u s  cement may 
t h e r e f o r e  be t he  so l e  r e s u l t  of  l ess  I n h i b i t i o n  by magne­
sium ( B e r n e r ,  1966)  and o r ga n i c  m a t t e r  (Suess,  1970)  in  
the upper p a r t  of  the bearh where f r e s h  waters  were
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i n f l u e n c e d  less by s a l t  wat e r  mi x i ng .  V e r t i c a l  d i f f e r e n c e s  
in I o n i c  s t r e n g t h s  may have a lso played s i g n i f i c a n t  r o l e s  
in de t e r mi n i n g  where most p r e c i p i t a t i o n  took p l a c e ,  but  the  
i n f l u e n c e  o f  these two f a c t o r s  cannot  be assessed a t  t h i s  
t ime.  I ndeed,  t he  sporadic  occur rence o f  bladed low Mg 
c a l c i t e  cement on d e t r i t a l  g r a i n s  (which do not ac t  as nu­
c l e a t l o n  s i t e s )  i n  the uppermost  f o r e s h o r e  i n t e r v a l  sug­
gests the e x i s t e n c e  o f  h i g h l y  s u p e r s a t u r a t e d  c o n d i t i o n s  
( T a y l o r  and I l l i n g ,  1969)  and e a s i e r  or  more r a p i d  n u c l e a ­
t l o n  of  c a l c l t e  than In the u n d e r l y i n g  sequence.
Ferroan Cements. - - T y p i c a l ! y , bladed f i r s t  g e n e r a t i o n  
cements a r e  i r o n - f r e e  and on l y  i n  r a r e  ins tances  ar e  they  
composed of  f e r r o a n  c a l c l t e .  Equant  cements,  which occlude  
the remain i ng pore space,  may be e i t h e r  f e r r o a n  or I r o n -  
f r e e  c a l c l t e ;  f e r r o a n  c a l c l t e  cements are e s s e n t i a l l y  con­
f i n e d  to beds below t he  lower  p a r t  o f  the f o r e s ho r e  u n i t ,  
but  I n d i v i d u a l  cement c r y s t a l s  sometimes d i s p l a y  f e r r o a n  
and I r o n - f r e e  c a l c l t e  growth zones t hroughout  the sequence.  
Thi s  does not ,  however ,  a l t e r  the o v e r a l l  cementa t ion p a t ­
t e r n .  The a s s o c i a t i o n  of  I r o n  oxides wi t h  I r o n - f r e e  c e ­
ments in the f o r e s h o r e  beds 1 s s i g n i f i c a n t  when one con­
t empl a t es  the Eh t h a t  p r e v a i l e d  dur i ng  the p r e c i p i t a t i o n  
of  these l a s t  stage f e r r o a n  and I r o n - f r e e  equant  cements.
I ron  c o n c e n t r a t i o n s  were high 1n the ground waters  
of  Llano rechar ge  area (Hennlngsen,  1962 ) .  These waters  
e v e n t u a l l y  made up the r eg i o na l  ground wat e r  f l ow system
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and t h e r e f o r e  anot her  e x p l a n a t i o n ,  o t h e r  than I r o n - f r e e  
w a t e r ,  must be g iven  f o r  the d i s t r i b u t i o n  of  I r o n - f r e e  
cements.  F i n a l  cementa t ion  by f e r r o a n  c a l c l t e s  and I r o n -  
f r e e  c a l d t e s  came about  as f r e s h  vadose ( ?)  and r e g i o na l  
p h r e a t l c  waters  passed through the nearshore carbonate  de­
p o s i t s .  Because f e r r o a n  c a l d t e s  a r e  r a r e  1n the f o r e ­
shore u n i t s ,  two c o n c e i v a b l e  e x p l a n a t i o n s  pr esent  them­
se l ve s .
One p o s s i b i l i t y  Is t h a t  the f r e s h  wat e r  t a b l e  was 
be!ow sea l e v e l  (Water  Tab l e  I ,  F1g . 2 5 ) ;  I r o n - f r e e  c a l ­
c l t e s  along wi t h  f e r r i c  hydr ox i de s ,  would then be p r e c i p i ­
t a t e d  1 n the o x i d i z i n g  vadose zone ( I . e . ,  most of  the  
t h i c knes s  o f  the f o r e s h o r e  beds)  and f e r r o a n - c a l d t e  would 
p r e c i p i t a t e  from the reduced waters  o f  the p h r e a t l c  zone 
(Evamy, 1 9 6 9 ) .  The second hypothes is  suggests t h a t  the 
f r e s h  water  t a b l e  was above sea l e v e l  ( I . e . ,  l oc a t e d  some­
place 1n the a l l u v i a l  p l a i n  se d i men t s ) .  Thi s  placement  
n e c e s s i t a t e s  a change 1n e i t h e r  pH or  Eh w i t h i n  the 
p h r e a t i c  zone to br i ng about  the f o r ma t i o n  of  the two 
cement t y p e s .
Recent  f r e s h  wat er  t a b l e s  can s ink below sea l e v e l  
in a r i d  1 o w - l y 1 ng c o a s t a l  p l a i n s ,  but  the most s p e c t a c u l a r  
examples o f  t h i s  phenomenon occur  where water  1 s a r t i f i ­
c i a l l y  removed from a q u i f e r s  f a s t e r  than 1 t  can be r e p l e n ­
i shed.  For example,  1n Orange and Los Angeles c o u n t i e s ,  
C a l i f o r n i a ,  unconf ined wat e r  sur f aces  a r e  below sea l e v e l
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and slope I n l a n d  (Owen, 1967;  M i l n e ,  1 9 67 ) ;  1n T u n i s i a ,  
the water  t a b l e s  o f  c o a s t a l  a q u i f e r s  capped by seml per -  
meable c a l i c h e s  a r e  20 - 3 0  meters below sea l e v e l  (Dutcher  
and Thomas, 19 6 6 ) .  On the south coast  of  Jamaica,  a 
c oast a l  water  t a b l e  drops n a t u r a l l y  to t h r e e  f e e t  below 
sea l e v e l  dur i ng  the dry  season (Wozab and W i l l i a m s ,  19 67 ) .  
U t i l i z i n g  these examples as a b a s i s ,  and the hypot hes i zed  
a r i d  c l i m a t e  dur i ng  Cow Creek d e p o s i t i o n ,  the r e g i o n a l  
p o s t - s t r a n d l 1ne ground wat ers  occupying the Cow Creek-  
Hammett sediments could have been depressed 10 -15  f e e t  
below sea l e v e l  ( i . e . ,  the depth below beach tops where 
f e r r o a n  c a l c l t e  cements become pr edomi na nt ) .  This could  
be accompl ished by extreme e v a p o r a t i v e  wi t hdr awal  of  
waters  through the a l l u v i a l  p l a i n  sediments a t  r a t e s  
f a s t e r  than the i n f i l t r a t i o n  r a t e s  of  rechar ge  waters  from 
the Llano a r e a .  E a r l i e r  cement a t i on  o f  beach sediments ,  
along w i t h  the development  o f  semipermeable mar ine c a ­
l i c h e s ,  p o s s i b l y  o bs t r u c t e d  the v e r t i c a l  and l a t e r a l  i n ­
f l u x  o f  f r e s h  waters  and the l a t e r a l  landward seepage of  
marine f l u i d s .  As discussed p r e v i o u s l y  ( p .  9 l ) .  the I n ­
crease upward through the sequence I n  the number o f  a r a ­
g o n i t e  g r a i n s  t h a t  underwent  d 1 s s o 1 u t 1 o n - r e p r e c 1 p i t a t 1 on , 
and the c o n c e n t r a t i o n  o f  1 n v e r t e d - r e c r y s t a 1 1 1  zed g r a i ns  
below the f o r e s h o r e  sequence,  1 s anot her  m a n i f e s t a t i o n  of  
the p o s i t i o n  of  t h e  e a r l y  ground wat e r  t a b l e .
The second hypot hes i s  I nv o l v es  the l o c a t i o n  of  the
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r e g i ona l  ground water  t a b l e  above sea l e v e l  (Water  Table  I I ,  
F i g .  2 5 ) .  In t h i s  s i t u a t i o n ,  no vadose zone would have 
e x i s t e d  on a r e g i ona l  sc a l e  w i t h i n  the beach,  and t h e r e f o r e  
a change of  e i t h e r  Eh or  pH wi th  depth must be c a l l e d  upon 
to e x p l a i n  the r e l a t i o n s h i p  between the f e r r o a n  and non-  
f e r r o a n  c a l c i t e  cements.
Only t r a c e  amounts (5 molal  p e r c en t )  o f  i ron  in the  
c a l c l t e  l a t t i c e  a r e  needed to induce a s t a i n  i n d i c a t i v e  of  
i t s  presence (Evamy,  1969 ) .  For purposes of  de t e r mi n i ng  
whether  the r equi rement s  necessary f o r  the p r e c i p i t a t i o n  
of  Fe and F e - f r e e  c a l d t e s  a r e  d r a s t i c a l l y  d i f f e r e n t ,  1t  
was assumed t h a t  the s t a i ne d  c a l d t e s  cont a i ned  less than 
5 molal  percent  Fe.  C a l c u l a t i o n s  ( p r esent ed  In Appendix D5) ,  
based on the methods of  G a r r e l s  and C h r i s t  ( 1 9 6 5 ,  pp. 48 ,
90)  show t h a t  t he  e q u i l i b r i u m  a c t i v i t y  product  ( i d e a l )  o f  
(Ca gsFe 0 5 )C03  1 s 10 ' 8 ' 3 6  as compared to 10 " 8 , 3 4  a t  STP 
f o r  pure low Mg c a l c l t e ,  and t h a t  mFe+  ^ = 10~3 * 4 mCa+  ^ 1n 
d i l u t e  aqueous s o l u t i o n s  1 s necessary f o r  the f o r ma t i on  of  
a 5 molal  per cent  F e - c a l d t e .
Because of  the a lmost  I d e n t i c a l  K ‘ s of  the twosp
c a l c l t e  s pe c i e s ,  1t  seems u n l i k e l y  t h a t  pH changes,  by 
c o n t r o l l i n g  the types of  ca r bonat e  1 ons pr esent  1 n s o l u ­
t i o n ,  I n h i b i t e d  the f o r ma t i o n  o f  one c a l c l t e  w h i l e  a l l o w ­
ing the o t h e r  to p r e c i p i t a t e .  A l t e r n a t i v e l y ,  v e r t i c a l  
v a r i a t i o n s  1n pH a n d / o r  Eh through the p h r e a t l c  zone could  
have p r o h i b i t e d  the e x i s t e n c e  of  a s u f f i c i e n t  amount of
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f e r r o us  I r on  necessary f o r  the p r e c i p i t a t i o n  o f  f e r r o a n
c a l c l t e .  As the pH of  a s o l u t i o n  I n c r e a s e s ,  lower  Eh's
+ 2are r e q u i r e d  to m a i n t a i n  a high Fe / T o t a l  F e ; 1 f  nega t i ve  
Eh's do not accompany high pH' s ,  the m a j o r i t y  of  f e r r o u s  
i ron is  o x i d i z e d  and p r e c i p i t a t e d  as i n s o l u b l e  f e r r i c  hy­
drox i des  ( F i g .  2 1 ) .  Because c a l c l t e  nor mal l y  onl y  p r e ­
c i p i t a t e s  from s o l u t i o n s  wi t h  a pH >. 7 ,  low Eh c o n d i t i o n s  
are needed to p r e c i p i t a t e  a f e r r o a n  c a l c l t e .
Regional  ground waters  could have e x i s t e d  in a 
s t a t e  analogous to t h a t  o f  l a c u s t r i n e  envi ronments (Oborn,  
1 9 6 7 ) .  In a model l a k e ,  the d i s s o l v e d  oxygen cont ent  of  
water  d i mi n i shes  w i t h  I n c r e a s i n g  depth;  near the w a t e r - a i r  
I n t e r f a c e  most I r on  i s  p resent  as suspended I ron  hydrox­
i d e s ,  but  downward,  I r o n  1 s g r a d u a l l y  reduced and e x i s t s  
mai n l y  1n the f e r r o u s  s t a t e .  Even though l a k e  waters are  
o x y g e n - d e f 1 c 1 ent  f o r  d i f f e r e n t  reasons { i . e . ,  o rganic  
decay and absence of  c i r c u l a t i o n )  than p h r e a t l c  w a t e r s ,  
both can be o x i d i z e d  1 n t h e i r  upper p o r t 1 o n s - - 1 n ground 
w a t e r s ,  because o f  the absence o f  s o i l  o r g a n l c s ,  and the  
a s s i m i l a t i o n  of  oxygen present  1n the vadose zone.  Ground 
waters would a l s o  be expected to have a h i ghe r  pH near  
( 1 0 - 1 5  f t )  the vadose zone because these waters  would con­
s i s t  p r i m a r i l y  o f  warmed I n f i l t r a t e d  vadose waters l a c k i ng  
1 n C02 ; the I nc r e as e  1n pH would lower  the Eh r e q u i r e d  to  
r e t a i n  abundant  f e r r o u s  I r o n  to such a p o i n t  t h a t  only  
n o n - f e r r o a n  c a l c l t e  would be p r e c i p i t a t e d .  In the
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uppermost p h r e a t l c  zone smal l  o s c i l l a t i o n s  1n the Eh or pH 
across the boundar ies of  the f e r r o a n  c a l c l t e  s t a b i l i t y  
f i e l d  (which approxi mates  t h a t  o f  s l d e r l t e )  would g i ve  
r i s e  to the i ron  zo na t l ons  noted in c a l c i t e  cements.
The d e c i s i o n  on which of  the two suggested models 
is most a p p r o p r i a t e  f o r  e x p l a i n i n g  the l a t e s t  cements of  
the Cow Creek Limestone 1s l e f t  to the r e a d e r .  The w r i t e r  
is biased towards the e x i s t e n c e  o f  a r e g i o n a l  beach vadose 
zone because 1 n the hypot hes i zed  a r i d  c l i m a t e ,  the pot en­
t i a l l y  smal l  amounts o f  r a i n f a l l  1n the Llano reg i on  and 
on the Hensel  a l l u v i a l  p l a i n  would not  be s u f f i c i e n t  to 
m a i n t a i n  a water  t a b l e  above sea l e v e l .  Fur t hermore ,  1f  
one does p r e f e r  the wat e r  t a b l e  to l i e  1 n the a l l u v i a l  
sediments ,  i t  would stand w i t h i n  1 0 - 2 0  f e e t  of  the land  
s u r f a c e  throughout  most o f  the study a r e a ;  t h i s  1 s seem­
i n g l y  I n c o m p a t i b l e  w i t h  the deep water  t ab l e s  expected 1 n 
an a r i d ,  a l l u v i a l  p l a i n  s e t t i n g .
"Mar ine"  Fung-Algal  C a l i c h e
The s t r a t 1 g r a p h 1 c  p o s i t i o n  and gener a l  p r o p e r t i e s  
of  the "mar ine"  f u n g - a l g a l  c a l i c h e ,  plus I t s  s t r a t f g r a p h l c  
s i g n i f i c a n c e ,  were presented 1 n the l l t h o f a c l e s  a n a l y s i s  
( L1 t ho f a c 1 e s  X I ,  p.  3 8 ) .
The nodul ar  c a l i c h e  s p o r a d i c a l l y  caps t he  beach 
f o r e s h o r e  sequence a t  many l o c a l i t i e s  and,  a l t hough I t s  
l ower  c o n t a c t  w i t h  beach 1 1 me g r a i n s t o n e s  1 s sharp in the
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f i e l d ,  no d i s t i n c t  c o n t a c t  can be d i s ce r ned  between them 
in t h i n  s e c t i o n .  Upward from the f o r e s ho r e  l ime g r a l n -  
stones I n t o  the c a l i c h e ,  p r o g r e s s i v e l y  l ess  g r a i ns  are  
preserved u n t i l  a l l  t h a t  remains are q ua r t z  g r a i ns  and a 
few o y s t e r  f ragments which f l o a t  1 n a m1 c r 1 t e - d o l o m i c r i t e  
m a t r i x  ( F i g .  20 D) .  P e t r o g r a p h l c  ev idence suggests t h a t  
t h i s  f l o a t i n g  g r a i n  f a b r i c  arose through a combinat ion of  
c a l i c h e  expansi on,  d i s s o l u t i o n  of  a r a g o n i t e  g r a i n s ,  and 
gradual  d e s t r u c t i o n  o f  o y s t e r  g r a i ns  through b o r i n g ,  m i c r i -  
t l z a t l o n ,  and d o l o m l c r l t e  rep l acement  ( F1g . 20 E, F ) .
Expansion (and d e s i c c a t i o n )  t ak e  place whether  a 
c a l i c h e  develops by r ep l acement  of  bedrock (Bl ank and 
Tynes,  1965)  or  by p r e c i p i t a t i o n  o f  ca l c i um carbonat e  in 
an u nconso l i da t ed  so l i  hor i zon  (Reeves,  1970 ) .  Expansion  
in the Cow Creek nodul ar  c a l i c h e  1s mani f es t ed  by both the 
p e t r o g r a p h i c  c h a r a c t e r i s t i c s ,  such as I r r e g u l a r  f r a c t u r e s ,  
vadose s i l t ,  and c1rcumgr anul ar  cracks ( F i g .  20 G, H ) ,  and 
v e r t i c a l  changes in the per cent  I n s o l u b l e  r e s i d u e  between 
u n a l t e r e d  bedrock and the o v e r l y i n g  c a l i c h e .  F i gur e  22 
d e p i c t s  t he  v e r t i c a l  changes 1 n I n s o l u b l e  r e s i d u e  per cen­
tages encountered In f o ur  "mar ine"  f u n g - a l g a l  c a l i c h e  sec­
t i o n s .  In genera l  t h e r e  e x i s t s  an upward decrease in 
r e s i due  c o n t e n t ,  which r e f l e c t s  along wi t h  the p e t r o g r a p h l c  
ev i de nc e ,  more I n t e ns e  c a l 1 c h 1 f 1 c a t l o n  upward from the  
beach t op;  s l i g h t  f l u c t u a t i o n s  seen 1 n the I n d i v i d u a l  
graphs ar e  a t t r i b u t e d  to minor  d i f f e r e n c e s  in the d e t r i t a l
Top of Nodulor Caliche Zone
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Figure 22. Plot  of Insoluble Residue Content in "Marine" Fung-Algal Cal iches.
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sand con t e n t  of  the o r i g i n a l  beach beds.  The rap i d  I n ­
crease 1 n per cent  I n s o l u b l e  r e s i d u e  a t  the top o f  each s e ­
quence 1 s a consequence o f  sediment  I n f i l t r a t i o n s  from the 
o v e r l y i n g  s u p r a t l d a l  and a l l u v i a l  p l a i n  u n i t s .
The f a c t  t h a t  the o v e r l y i n g  s u p r a t l d a l  depos i t s  are  
d i s t o r t e d  (F1g.  11 E) and d i s p l a y  c a l 1ch1f 1cat1on f e a t u r e s  
( F i g .  23 A) i n d i c a t e s  t h a t  they were depos i t e d  penecontem-  
poraneously  w i t h  nodul ar  c a l i c h e  s o i l  f o r m a t i o n .  I t  should  
be poi nt ed  out  here t h a t  the l ami nat ed  c a l c r e t e  c r u s t ,  
which o f t e n  caps a nodul ar  c a l i c h e  zone (Reeves.  1 9 7 0 ) .  1s 
probabl y  absent  as a r e s u l t  of  the cover  o f f e r e d  by the 
a l l u v i a l  p l a i n  and s u p r a t l d a l  d e p o s i t s .  Reeves (1970)  
s t a t e s  t h a t  a l ami nat ed  c r u s t  w i l l  not  form unless the  
nodul ar  zone of  a c a l i c h e  becomes plugged ( i mp e r v i ou s )  or 
1s exposed a t  the s u r f a c e .  Thus,  the b l a n k e t i n g  e f f e c t  
o f f e r e d  by the s u p e r j a c e n t  u n i t s  dur i ng  the f o r ma t i o n  of  
the nodul ar  zone probabl y  prevented the c a 1 1  c h i f 1 c a t 1 on 
process from c u l m i n a t i n g  In the p r e c 1 p 1 t a t i o n  o f  a l a m i ­
nated c r u s t .
The Cow Creek c a l i c h e s  bear  an o v e r a l l  s t r i k i n g  r e ­
semblance to  p r o f i l e s  from the High P l a i n s  descr i bed  by 
Reeves ( 1970)  and Blank and Tynes ( 1 9 6 5 ) ;  t h e r e f o r e .  1t  is 
n e a r l y  c e r t a i n  t h a t  s i m i l a r  processes opera ted  1 n t h e i r  
genes i s .  The Cow Creek "mar ine"  f u n g - a l g a l  c a l i c h e s ,  how­
e v e r .  developed 1 n a s t r a n d l l n e  envi ronment  1 n which t her e  
e x i s t e d  u ns t a b l e  mar ine car bonat e  g r a i n s ,  mixed
F i g u r e  23.  " M a r i n e "  f u n g - a l g a l  c a l i c h e  f a b r i c s .
A. F r ac t ur es  and rounded b r e c c i a  c l a s t s  1n s u p r a t l d a l  
dol omi t e  f a c i e s .
B. I r r e g u l a r  m l c r i t e - d o l o m 1 c r i t e  c r us t s  of  fungal  and 
a l g a l  o r i g i n  in l ime "packstone" ( m i c r i t e - c e m e n t e d  
l ime g r a i n s t o n e )  from base of  "marine c a l i c h e . "
C. M l c r i t e  envelopes*  c r u s t s ,  and cements of  Holocene  
s t r a n d l l n e  c a l i c h e ,  St .  C r o i x ,  B . W . I .  (photo c o u r ­
tesy  of  D. Bo l eneus) .  Rounded,  I r r e g u l a r  sinuous  
pore system s t r i k i n g l y  s i m i l a r  to t h a t  of  A and D.
0.  M i c r i t e  cemented s u p r a t l d a l  l a k e  d e p o s i t  ( F a d e s  
X I I )  which has undergone c a 11c h 1 f 1c a t i o n .
E. Holocene s t r a n d l l n e  ( "mar i ne"  c a l i c h e )  wi th  t h i c k  
m l c r i t e  c r u s t s  and cements;  sinuous pores;  S t .  
C r o i x ,  B . W . I .  ( c o u r t e s y  o f  0.  Bo l eneus) .
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F igure 23.
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m a r i n e - f r e s h  w a t e r s ,  and a mar ine m i c r o f l o r a .  This e n v i r o n ­
mental  s e t t i n g  and sediment  s u b s t r a t e  was u n l i k e  t h a t  of  
the High P l a i n s ,  and t h e r e f o r e  d i f f e r e n c e s  do e x i s t  between 
the two c a l i c h e s .  These d i f f e r e n c e s  are 1n the t ypes ,  
mi n e r a l og y ,  and o r i g i n  of  some of  the m i c r o c r y s t a l 1 i ne  c e ­
ment which makes up a s i g n i f i c a n t  p o r t i o n  of  the Cow Creek  
c a l i c h e  s e c t i o n s .
Blank and Tynes ( 1965)  a t t r i b u t e  the o r i g i n  of  the  
High P l a i n s  c a l i c h e  cements to the d i s s o l u t i o n  o f  bedrock  
carbonates  and l o c a l i z e d  r e p r e c l p i  t a t 1 on o f  I t  as mi c r o -  
c r y s t a l l i n e  cement .  Much of  the homogeneous m i c r o c r y s t a l -  
1 1 ne cement o f  the m l c r l t e - d o l o m l c r l t e  cemented l ime g r a l n -  
stones and wackestones probabl y  o r i g i n a t e d  1 n a s i m i l a r  
manner;  ev i dence f o r  t h i s  s o l u t l o n - d e p o s 1 t l o n  process 1 s 
found 1 n the beach sediments u n d e r l y i n g  the c a l i c h e  sec ­
t i o n s .  Here,  more than average o r i g i n a l l y  a r a g o n l t l c  
al lochems were l eached than 1 n beach sequences not  capped 
by c a l i c h e s .  I n f i l t r a t i n g  r a i n  w a t e r s ,  charged w i t h  carbon  
d i o x i d e  from the c a l i c h e  or gan l cs  and the atmosphere,  d i s ­
solved g r a i ns  dur i ng  t h e i r  downward m i g r a t i o n .  Because of  
the ext reme e v a p o r a t i o n  t a k i n g  p l ace  o f f  the c a l i c h e  s u r ­
face most of  these  vadose waters  were sucked upward by 
c a p i l l a r y  a c t i o n  upon near s u r f a c e  e v a p o r a t i o n ,  some of  
the d i s s o l v e d  car bonat e  was p r e c i p i t a t e d  as c a l i c h e  m l ­
c r i t e  cements.  Cont i nua l  c y c l i n g  of  waters  1n t h i s  manner  
led to p r o g r e s s i v e l y  more d i s s o l u t i o n  and r e p r e c 1 p 1 t a t 1 on .
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However,  cementa t ion  by t h i s  type of  m l c r i t e  may have been 
e f f e c t e d  by a r e s i d e n t  c a l i c h e  m i c r o f l o r a  (Krumbein,  1968;  
I r i o n  and M u l l e r ,  19 68 ) .
Other  m l c r o c r y s t a l 11ne cements encountered a t  the  
beach top and in the ‘’mar ine"  c a l i c h e  are d i s s i m i l a r  to 
those descr i bed  above 1 n t h a t  they a r e  not  p e r v a s i v e l y  
homogeneous. These form m l c r i t e  or  d o l o m i c r l t e  c r u s t s  of  
v a r i a b l e  t h i ckness  on the g r a i n s  they bind ( F i g .  23 B) ;  
the c o n t a c t  between a g r a i n  and c r u s t  may be sharp or g r a ­
d a t i o n a l ,  and the I r r e g u l a r i t y  of  the ou t e r  margin of  a 
c r u s t  w i t h  spar r y  c a l c l t e ,  which f i l l s  the remain i ng pore 
space,  may g i v e  r i s e  to a h i g h l y  I r r e g u l a r  p e t r o g r a p h l c  
f a b r i c  (F1g.  23 D ) . Bor i ngs ,  which o f t e n  extend from the  
c r us t s  I n t o  a d j a c e n t  g r a i n s ,  a r e  branched,  ve r y  s inuous,  
and range from 1 5y to  150p 1n d i a me t e r  ( F i g .  16 A, B) ;  
bor ings can be composed o f  e i t h e r  m l c r i t e  or d o l o m l c r i t e .
S i m i l a r  e n c r u s t i n g  m i c r o c r y s t a l l i n e  cements have 
been r e po r t e d  from Recent  Car ibbean beachrocks,  where they  
are high Mg c a l c l t e  or  a r a g o n i t e  (C.  H. Moore and D. Bo­
l e ne us ,  personal  communicat ion,  1970)  and nodul ar  or  l a m i ­
nated P l e i s t o c e n e  s t r a n d l l n e  c a l i c h e s  (D.  Boleneus,  p e r ­
sonal  communicat ion,  1971;  M u l t e r  and H o f f m e l s t e r ,  1968)  
where they  a r e  composed of  low Mg c a l c l t e .  Cements of  
these Recent  and P l e i s t o c e n e  d e pos i t s  are  compared wi th  
those of  the Cow Creek “mar ine"  f u n g - a l g a l  c a l i c h e s  In  
Figure  23 B-E.
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The m i c r o c r y s t a l  1 Ine cement c r us t s  and g r a i n  bor ings  
ar e  I n t e r p r e t e d  as the remains of  hyphae,  f r u i t i n g  b od i es ,  
and th a 111 o f  e n d o l l t h l c  fungi  and a l g a e .  The c r u s t s  r e p ­
r e s e n t  the t h a l l l  and hyphae of  mar ine fungi  and b l u e -  
green a l gae  which s p e c i a l i z e  i n t o  e n c r u s t i n g ,  or  b i n d i n g ,  
p o r t i o n s  o f  the colony (Kohlmeyer ,  19 6 9 ) .  The branched 
bor ings wi t h  e x t r eme l y  l a r g e  d i amet ers  bear  a s t r i k i n g  r e ­
semblance to photomicrographs o f  bor ing fungi  publ i shed by 
Kohlmeyer ( 1969)  and T a y l o r  ( 1 9 7 1 ) ,  and ar e  t h e r e f o r e  a t ­
t r i b u t e d  to t h i s  m i c r o f l o r a .  The problem s t i l l  e x i s t s ,  
however ,  of  why the c r u s t s  and bor ings a r e  composed of  
f e r r o a n  d o l o m l c r l t e  or I r o n - f r e e  m l c r i t e ,  w h i l e  the s u r ­
rounding spar r y  c a l c l t e  1 s i n v a r i a b l y  I r o n - f r e e .
No problem e x i s t s  as to where the I r o n  1n the f e r ­
roan d o l o m i t e  o r i g i n a t e d ;  b a c t e r i a ,  as we l l  as a l gae  and 
f u n g i ,  a r e  known to c o n c e n t r a t e  I ron  dur i ng  t h e i r  l i f e  
processes (Oborn,  1 9 6 0 ) .  Moreover ,  U m o n l t e  s t a i ne d  m1 - 
c r l t e  envelopes from o t h e r  Cow Creek I n t e r v a l s  and p y r l -  
t l z e d  envelopes from the J u r a s s i c  (Brown,  1966)  suggest  
t h a t  c e r t a i n  bor ing a l g ae  may c o n c e n t r a t e  I r o n .  The only  
r e q u i s i t e ,  t hen,  f o r  I r on  to be r e t a i n e d  In a carbonate  
formed In the presence of  " f e r r u g e n o u s " a l gae  or fungi  1 s 
the e x i s t e n c e  of  a reduc ing  ( low Eh) or  high Ph e n v i r o n ­
ment ,  which would c o n v e r t  most of  the i r o n  p r e s e n t  i n t o  
the f e r r o u s  s t a t e .
D i f f e r e n t  m i c r o f l o r a s ,  some g i v i n g  r i s e  to f e r r o a n
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carbonates  and o t her s  not ,  could have c o e x i s t e d  s ide by 
s i de  ( g r a i n  by g r a i n )  In a p r e v a i l i n g  reducing envi ronment ;  
t h i s  1 s negated,  however ,  on the basis  o f  a s s oc i a t ed  I r o n -  
f r e e  spar  cements and g r a i n s .  I t  1s more reasonabl e  to 
assume t h a t  m l c r o - r e d u c 1 ng envi ronments e x i s t e d  in the  
more r e s t r i c t e d  a l g a l  and fungal  s t r u c t u r e s ,  w h i l e  high Eh 
c o n d i t i o n s  p r e v a i l e d  t hroughout  the r e s t  of  the sediment .  
Why, though,  1s t h e r e  a c o n t r a s t  not  only  in  the I r o n  con­
t e n t  of  the c a r b o n a t e s ,  but  a l s o  1 n t h e i r  mi n e r a l o g i e s ?
Malone and Towe ( 1 9 70 )  have s y n t h e t i c a l l y  produced 
t h r e e  m i n e r a l s  by a l l o w i n g  n i t r ogenous  or gan i c  m a t e r i a l s  
to decompose under a v a r i e t y  of  oxygenated c o n d i t i o n s  1 n 
sea wa t e r .  S t r u v l t e  ( NH4 MgP0 4 * 6 ^ 0 ) was formed under com­
p l e t e l y  a e r a t e d  c o n d i t i o n s  but ,  under p a r t i a l  a e r a t i o n ,  
mi x t u r e s  of  monohydrocalc 1 t e  (CaCOg-HgO) and s t r u v l t e  p r e ­
c i p i t a t e d .  A d d i t i o n a l l y ,  (Ca ggMg ^ ) C03  and s t r u v l t e  
p r e c i p i t a t e d  when a n a e r o b l o s l s  e x i s t e d  1 n the sea w a t e r .  
Pur l  and C o l l i e r  ( 1967)  have a l so demonst rated a m i c r o b i a l  
p r e c i p i t a t i o n  o f  a r a g o n i t e  from sea wa t e r .  Fur t hermore ,  
or gan i c  compounds forming st rong ca l c i um complexes cause 
the f o r ma t i o n  of  high Mg c a l c l t e ,  and,  w i t h  I nc r e a s i n g  
t empe r a t ur e  and magnesium c o n c e n t r a t i o n  1 n s o l u t i o n ,  the 
magnesium mole per cent  In the Mg c a l c l t e  I ncreases  
( K i t a n o  and o t h e r s ,  19 6 9 ) .  Gebe l e l n  and Hoffman (1971)  
found t h a t  the b l u e - g r e e n  a l g a ,  Sch1zothr1x c a l c l c o l a . 
c o n c e n t r a t e s  magnesium 1 n I t s  f i l a m e n t s ,  which upon death
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1n a high Ph env i r onment ,  p r e c i p i t a t e d  17-20 mole percent  
Mg c a l c l t e .
E v i d e n t l y ,  t hen ,  the r o l e s  assumed by organlcs  in  
mi c r o - e nv i r onment s  a r e  as r e l e v a n t  as the macro­
env i r onme nt ' s  phys1 ocheml s t ry  1 n the f o r ma t i o n  of  mar ine  
car bonat e  phases.  Consequent l y ,  I t  1s not  unreasonable  to  
h ypot hes i z e  t h a t  an a l g a l  or  fungal  bor ing may 1 n one I n ­
stance be the s i t e  of  a r a g o n i t e  p r e c i p i t a t i o n  ( B a t h u r s t ,  
1964)  1f  the Eh 1s h i g h ,  whereas 1f  the Eh 1s low,  c o n d i ­
t i o n s  g i v e  r i s e  to high Mg c a l d t e  ( Wl n l a nd ,  1968;  Malone 
and Towe, 1 9 7 0 ) .
Dolom1cr1te envelopes have been r e po r t e d  from an­
c i e n t  rocks (Buchblnder  and Fr iedman,  1970)  and p r e f e r e n ­
t i a l  d o l oml t 1 z a t 1 on  of  P l e i s t o c e n e  c o r a l l i n e  a l g ae  1s 
noted by Gross ( 1 9 65 )  and Land ( 1 9 7 0 ) .  Land (1970)  sug­
gests t h a t  high Mg c a l c l t e  can s t a b i l i z e  e i t h e r  to low Mg 
c a l d t e  or  do l omi te  dependent  upon the r a t e  of  f r e s h  water  
f l o w  through the r ocks .  I f  a low Eh mi c r oenv i r onment ,  1n 
which f e r r o u s  I r o n  p redomi nat es ,  e x i s t s  1 n j u x t a p o s i t i o n  
wi t h  a h i g he r  Eh pore ( o r  pore f l u i d )  a necessary d i c t a t e  
1 s t h a t  t he r e  cannot  be a f r e e  I n t e r c ha ng e  between the 
macro-  and m l c r o - e n v l r o n m e n t s . Thus,  wat er  movements or 
ion d i f f u s i o n  w i t h i n  the mi c r o - e n v i r o nme n t  ( m l c r o c r y s t a l -  
l i n e  cement  or  b or i n g )  must be n i l ;  magnesium from the  
s t a b i l i z i n g  high Mg c a l d t e  1s r e t a i n e d ,  and f e r r o u s  I r on  
1 s I nc or po r a t e d  I n t o  the newly formed d o l o m i t e .
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Conver se l y ,  where t h e r e  1s a f r e e  I n t e r c ha ng e  between pore 
f l u i d s  and m i c r o f l o r a l  cement and b o r i n g s ,  magnesium 1 s 
removed,  most f e r r o u s  I r o n  1 s o x i d i z e d  to f e r r i c  I r o n ,  and 
I r o n - f r e e  m l c r i t e  r e s u l t s .  I t  Is w o r t hwh i l e  to r e c a l l  here 
t h a t  the green mi ner a l  1 n the fungal  bor ings may be phos­
phate and could have p os s i b l y  p r e c i p i t a t e d  as s t r u v l t e  
under ext reme o x i d i z i n g  c o n d i t i o n s  (Malone and Towe, 1970 ) .
In c o n c l u s i o n ,  many f a c t o r s  must be taken I n t o  a c ­
count  when one cons i der s  the p o s s i b l e  mi c r oenv i r onment s ,  
and r e s u l t a n t  m i n e r a l s ,  which could e x i s t  1 n a c a l i c h e  (or  
beachrock)  pore.  Among the most obvious a r e :  the type of
r e s i d e n t  m i c r o f l o r a ,  the r a t e s  o f  p r e c i p i t a t i o n  of  uns t ab l e  
carbonates w i t h i n  a l g a l  or fungal  s t r u c t u r e s ,  the packing  
d e n s i t y  and s i z e  of  these  s t r u c t u r e s ,  the depth of  g r a i n  
b o r i n gs ,  the types of  o r gan l cs  p r e s e n t ,  and the q u a l i t y ,  
and f l ow r a t e ,  o f  pore w a t e r .
Summary 
Hammett Shale
The Hammett Shale ca rbonat es  a r e  l ime packstones  
and d o l omi t e  wackestone or  mudstone;  do l omi t e  beds become 
p r o g r e s s i v e l y  t h i n n e r  and less f r e q u e n t  upward I n t o  the 
Cow Creek L imestone.  The l i mes t one  1s made up of  
1 nsol ubl e - poor  m l c r i t e  and o r i g i n a l  c a l d t l c  and a r a g o n l t l c  
b i o c l a s t s ,  whereas do l omi t es  c o n s i s t  of  1 n s o l u b l e - r l c h  
m a t r i x  and t y p i c a l l y  l ack  o r i g i n a l  a r a g o n l t l c  b l o c l a s t s .
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A r a g o n l t l c  b l o c l a s t s  1n the l i mes t one  a r e  r e c r y s t a l l i z e d  
r a t h e r  than l e a c he d ,  and g r a i n s  1 n both the l i mes t one  and 
do l omi t e  nor ma l l y  are not  m l c r l t l z e d  and l ack  m l c r o c r y s t a l - 
l i n e  envel opes .  Sem1- f lu1d (now d o l o m l t l z e d )  I n s o l u b l e -  
r i c h  l ime muds were f o r c e f u l l y  I n j e c t e d  I n t o  more r i g i d  
i nsol  ubl  e - poor  l ime ,'m1 c r 1 t e H muds as evidenced by sharp  
f r a c t u r e s  1 n the l i m e s t o n e ,  a long wi t h  the compact lonal  
f l ow a l i g n m e n t ,  g r a i n  breakage,  and 1 n t e r p e n e t r a 1 1 on of  
gr a i ns  1n the d o l o m i t e .  I n j e c t i o n  probabl y  took place  
dur i ng  the p r o g r a d a t i o n  of  the beach over  o f f s h o r e  s e d i ­
ments;  I t  was a l s o  dur i ng  t h i s  t i m e ,  or s h o r t l y  a f t e r w a r d s ,  
t h a t  dolom1 t 1 z a t 1 on of  the i n s o l u b l e - r i c h  l ime muds took  
p l a c e .
The s t a t i s t i c a l  a n a l y s i s  of  p o i n t  count  f r e q u e n c i e s  
f o r  g r a i n  and 1 n t e r g r a n u l a r  d l a g e n e t l c  m o d i f i c a t i o n s  and 
t e x t u r e s  1n the Cow Creek Limestone r e ve a l  the f o l l o w i n g :
Gra in  D1agenes1s 
Envelopes and M 1 c r 1 t l z a t l o n
A general  upward I nc r e a s e  occurs 1n the number of  
m l c r l t l z e d  g r a i n s  and g r a i n  enve l opes ,  w i t h  maximum d e v e l ­
opment o f  these 1 n the beach f o r e s h o r e  u n i t ;  f u n g l - b o r e d  
g r a i ns  occur  a t  the beach top 1 n a s s o c i a t i o n  w i t h  the  
"marine" f u n g - a l g a l  c a l i c h e .  The lowest  means f o r  g r a i n s  
t h a t  underwent  these m o d i f i c a t i o n s  a r e  recorded 1 n the l a -  
goonal  sequence.  This  d i s t r i b u t i o n  suggests t h a t  the
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amount of  mud m a t r i x ,  r a t a  of  d e p o s i t i o n ,  and g r a i n  s t a b i ­
l i z a t i o n  a r e  the c o n t r o l l i n g  f a c t o r s  1 n the f o r ma t i on  of  
g r a i n  m l c r o c r y s t a l 1 1 ne c a r b o na t e ;  mud t h a t  clogs the s e d i ­
ment pores ,  and r a p i d  sediment  d e p o s i t i o n ,  i n h i b i t s  o r ­
ganic processes on or  w i t h i n  g r a i n s ,  and the r a t e  of  a b r a ­
sion vs.  the bor ing r a t e  o f  a l gae  and f ung i  c o n t r o l s  m l ­
c r i t e  envelope p r e s e r v a t i o n .  Dolom1cr1te envelopes formed 
e i t h e r  as a r e s u l t  o f  s e l e c t i v e  r epl acement  o f  m i c r o c r y s ­
t a l l i n e  ca r bonat e  In the s h o a l ,  or  the r e d i s t r i b u t i o n  of  
magnesium 1n s t a b i l i z e d  high Mg c a l c l t e  a t  the beach top.
R e c r y s t a l l i z e d  and D i s s o l u t i o n
Leached g r a i n s ,  which are now r e pr es ent ed  by moldlc  
c a v i t y  f i l l s ,  a r e  most abundant  In the beach f o r e s h o r e  
I n t e r v a l ;  downward,  p r o g r e s s i v e l y  more a r a g o n l t l c  g r a i n s  
were s t a b i l i z e d  by 1 n v e r s 1 o n - r e c r y s t a l 1 I z a t l o n  except  1 n 
the d o l o m l t l z e d  shoal  s t r a t a ,  In which 50% of  the o r i g i ­
n a l l y  a r a g o n l t l c  g r a i n s  underwent  d i s s o l u t i o n .  Gra in  
l ea c h i ng  was most e f f i c i e n t  1 n the beach f o r e s h o r e  as a 
r e s u l t  of  downward p e r c o l a t i n g  u nd e r s a t u r a t e d  met eor i c  
waters reachi ng  e q u i l i b r i u m  w i t h  r e s p e c t  to car bonat e .
Once e q u i l i b r i u m  was a t t a i n e d ,  and me t e o r i c  waters  mixed 
w i t h  mar ine p h r e a t l c  w a t e r s ,  g r a i n  s t a b i l i z a t i o n  by 
i n v e r s l o n - r e c r y s t a l 1i z a t l o n  became e f f e c t i v e .  The l e a c h ­
ing of  g r a i ns  1 n the shoal  u n i t  suppl i ed  the e x t r a  c a r ­
bonate necessary f o r  m a t r i x  d o l o m l t l z a t l o n .
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I n t e r g r a n u l a r  Di agenesl s
M a t r i x  Di agenes i s
R e c r y s t a l l i z e d  and r e p l a ce d  l ime mud ma t r i x  1s es­
s e n t i a l l y  absent  from the beach upper o f f s h o r e  and f o r e ­
shore u n i t s .  M l c r i t e  and f i n e  d o l omi t e  c o n s t i t u t e  the  
m a t r i x  o f  the shoal  beds,  whereas mi c r o s p a r ,  pseudospar ,  
and medium-coarse do l omi te  a r e  the p r e v a l e n t  ma t r i x  types  
1 n the l agoonal  sequence.  Aga i n ,  dolom1 t 1zat1on and r e ­
c r y s t a l  1 1 z a t l o n  a r e  I n f e r r e d  to have taken p lace  1 n the  
ml x e d - wa t e r  or  1 on d i f f u s i o n  zone which separa ted the 
s t r a n d l l n e  and r e g i o n a l  f r e s h  ground wat e r  lenses from 
mar ine I n t e r s t i t i a l  f l u i d s .  The presence of  abundant  I n ­
v e r t e d  a r a g o n i t e  g r a i n s  1 n the l agoonal  sed iment s ,  and 
d e t r l t a l  do l omi t e  1 n the shoal  and l agoonal  sequences,  are  
thought  to have acted as a c t i v a t i o n  s i t e s  f o r  m a t r i x  r e ­
c r y s t a l  1 1 z a t l o n  and dolom1 1 1 z a t 1 on , r e s p e c t i v e l y .
E a r l y  111h1f I c a t l o n  took p l ace  1n the nodul es ,  can­
nonbal l  c o n c r e t i o n s  and nodul a r  beds of  the l agoonal  sec­
t i o n  (Appendix D l ) .  Thi s  1 1 t h 1 f I c a t l o n  was Induced by the  
decomposi t i on of  o r ga n l c s  w i t h i n  the f e c a l  p e l l e t  r i c h  
l ime mud sediment ;  c a l c i um,  and p o s s i b l y  ammonium, r e ­
l eased from the decaying organic  m a t e r i a l s  ( B e r n e r ,  1968)  
se t  up l oc a l  s u p e r s a t u r a t e d  c o n d i t i o n s  In  which ca lc ium  
c a r b ona t e  was p r e c i p i t a t e d .  Some of  these c e n t e r s  of  p r e ­
c i p i t a t i o n  cont i nued  t o  expand outward and r e s u l t e d  1 n the
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f o r ma t i o n  o f  cannonbal l  c o n c r e t i o n s .  L1 t h1 f 1 c a t 1 on  was 
e a r l y  as i s  made e v i d e n t  by d i f f e r e n t i a l  compact ion around 
nodules;  1 t  was a l s o  p r e - d o l o m 1 t 1 z a t 1 on as i n d i c a t e d  by 
minor r epl acement  of  the mi crospar  and pseudospar ma t r i x  
of  the nodules.
Cement Di agenes i s
Cement d i s t r i b u t i o n  1n the Cow Creek Limestone 1s 
p r e d i c t a b l e  from the conceptual  d e p o s l t l o n a l  model .  To t a l  
cement ,  cement s i z e ,  and f r equency  of  f 1 br ous - b l aded  c e ­
ments a l l  i nc r e a s e  upward i n t o  the f o r e s h o r e  beach beds.  
I n t r a c l a s t s  o f  beachrock,  bound by f i b r o u s  and m l c r l t l c  
cements,  a r e  commonly encount e r ed ,  but  onl y  two outcrops  
c o n t a i n  sands t h a t  were cemented 1 n the I n t e r t i d a l  zone.  
M l c r i t e  and d o l o m l c r l t e  cements,  probabl y  o f  o r ga n i c  o r i ­
g i n ,  bind the uppermost  beach sands t h a t  are o v e r l a i n  by 
the "mar ine"  f u n g - a l g a l  c a l i c h e .
The decrease In  f r equency  of  bladed spar r y  cements 
downward from the f o r e s h o r e  I n t o  upper o f f s h o r e  sediments  
is a t t r i b u t e d  to e i t h e r  the absence o f  n u c l e a t l o n  s i t e s ,  
or magnesium or o r g a n i c  I n h i b i t i o n  of  low Mg c a l c l t e  nu­
c l e a t l o n ;  the h i gher  1 on1 c s t r e n g t h  (and t h e r e f o r e  p os s i b l e  
u n d e r s a t u r a t i o n )  o f  mixed f r e s h - s a l i n e  w a t e r s ,  1 n the 
beach p h r e a t l c  zone may have a l so  played a r o l e .  The I n ­
c r ease  In the amount o f  f e r r o a n - c a 1 d t e  downward through  
the sequence may be a c l ue  to the approxi mate  p o s i t i o n  of
139
the e a r l y  ground water  t a b l e .
The homogeneous m l c r o c r y s t a l 11ne cements o f  the 
"marine" f u n g - a l g a l  c a l i c h e  o r i g i n a t e d  through the d i s s o l u ­
t i o n  o f  a r a g o n i t e  g r a i n s ,  and r e d i s t r i b u t i o n  of  t h i s  c a r ­
bonate as cement;  o t he r  more d i a g n o s t i c  "mar ine" c a l i c h e  
cements a r e  a l g a l  and fungal  1n o r i g i n .  The decomposi t ion  
of  e n c r u s t i n g  a l g a l  and fungal  t ubul es  1 n c o n f i n e d ,  a n a e r o ­
bic mi croenv i ronment s  r e s u l t e d  1 n the p r e c i p i t a t i o n  of  high 
Mg c a l c l t e ,  which was l a t e r  conver t ed  to d o l o m i t e ;  decompo­
s i t i o n  in a e r a t e d  mi croenvi ronments  gave r i s e  to low Mg 
c a l c 1 t e .
Comparison wi t h  Other  Beaches
The above d l a g e n e t i c  m o d i f i c a t i o n s  and t rends com­
pare f a v o r a b l y  wi t h  those des cr i b ed  from o t h e r  Recent  and 
a n c i e n t  beach sequences.  Moore (persona l  communicat ion,  
1971)  r e p o r t s  t h a t  m l c r l t l z e d  and enveloped g r a i ns  are  
more numerous In beach f o r e s h o r e  vs.  o f f s h o r e  sediments In  
Grand Cayman, B . W . I . ;  Perk i ns  and Halsey (1971)  note t h a t  
g r a i ns  bored by f ung i  and a l g a e  a r e  con c e nt r a t e d  1 n both 
Recent  and P l e i s t o c e n e  s t r a n d l l n e  d e p o s i t s .  A l l e n  ( 1970)  
and Moore and A l l e n  ( 1971 )  I d e n t i f y  the same d i s t r i b u ­
t i o n a l  p a t t e r n  of  m l c r i t e  envelopes In a study of  anot her  
Lower Cretaceous car bonat e  beach 1n Texas.  Needless to  
say,  the I n t e r t i d a l  cement types noted 1n the Cow Creek  
have a l s o  been r e por t e d  from Innumerable Holocene
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carbonate  beach sequences throughout  the t r o p i c a l  areas of  
the wor ld (Moore,  1970;  Shinn,  1969;  Land,  1970;  T a y l o r
and I l l l n g ,  1969;  and o t h e r s ) .
The d i s t r i b u t i o n  of  s u b a e r l a l l y  Induced d l a g e n e t i c  
changes 1n the Cow Creek beach and n e a r - o f f s h o r e  l i t h i f i e d  
sands and muds ar e  s i m i l a r  to those encountered 1 n the 
ot he r  s t u d i e s  of  a n c i e n t  ca r bonat e  beach s t r a t a .  Again,
1n A l l e n ' s  ( 1970 )  and Moore's and A l l e n ' s  ( 1971 )  beach
syntheses ,  1 t  was found t h a t :  a)  the f requency  o f  l eached
(moldlc  c a v i t y  f i l l e d )  a l lochems I ncreased  upward through  
the sequence;  b) g r a i n  I n v e r s i o n  f a b r i c s  predominate in  
the u pp e r - l o we r  o f f s h o r e  I n t e r v a l s ;  c)  both equant  and 
bladed cements a r e  b e t t e r  developed In the f o r e s h o r e  u n i t ;
d)  I r o n - f r e e  cements bind the f o r e s h o r e  sediments wh i l e  
f e r r o a n - c a l c 1 tes are found In the o f f s h o r e  sequence;  and
e) c a l i c h e s  formed 1n the backshore a r e a s .  In c o n t r a s t  to  
these f i n d i n g s ,  Land ( 1970)  concludes t h a t  In the P l e i s t o ­
cene Belmont beach sequence of  Bermuda,  g r a i n  I n v e r s i o n  
and p r e c i p i t a t i o n  o f  abundant  coarse cement occur red 1 n 
the me t e o r i c  p h r e a t l c  zone of  t he  beach,  whereas onl y  
mi nor ,  f i n e  c a l c l t e  spar  was p r e c i p i t a t e d  1 n the met eor i c  
vadose zone;  a p p a r e n t l y ,  g r a i n s  did not  undergo d i s s o l u t i o n  
1 n e i t h e r  env i r onment .
Regr ess i ve  carbonate  beach sequences are c h a r a c t e r ­
i zed by a unique v e r t i c a l  succession o f  sed imentar y  f a d e s  
which deve l op  1n a unique geographic  p o s i t i o n .  I t  has
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a l s o  been shown t h a t  these sequences d i s p l a y  markedly d i f ­
f e r e n t  d l a g e n e t i c  m o d i f i c a t i o n s  from base to top.  The en­
vi ronments of  d e p o s i t i o n  of  these sediments Impose c e r t a i n  
c o n t r o l s  on the syngenesis and l a t e r  d i a g e ne s i s  o f  the 
sequence.  However,  pos s i b l y  even more I mpor t an t  1n the  
gross d i a ge n e s i s  o f  these ca r bona t e  sequences,  1 s the v e r ­
t i c a l  ar rangement  of  the sedimentary  f a c i e s ,  and the p o s i ­
t i o n i n g  of  these f a c i e s  In r e s p e c t  to both the l oc a l  
s t r a n d l l n e  hydrochemical  f l o w  system,  and the more wi de ­
spread,  r e g i o n a l  p o s t - d e p o $ 1 t i o n a l  f l ow system.  I t  1s 
these I n t e r p r e t i v e  aspects o f  the Hammett-Cow Creek study  
t h a t  a r e  t r e a t e d  1 n the concl udi ng c h a p t e r .
GENERAL DIAGENETIC- PALEOHYDROLOGIC 
CONCEPTUAL MODEL 
FOR MIDDLE TRINITY TIME
General  Pa leohydrol ogy and 
D l a g e n e t i c  Envi ronments
The e a r l y  d l a g e n e t i c  m o d i f i c a t i o n s  s u f f e r e d  by the 
Cow Creek Limestone and Hammett Shale n e c e s s a r i l y  occurred  
1 n one of  the hydrochemical  d l a g e n e t i c  envi ronments given  
in the f o l l o w i n g  c h a r t .
I . Ma r1ne
A. Vadose Zone
B. P h r e a t l c  Zone
I I ,  M1xed-Mar1ne or Fresh 
Waters s a t u r a t e d  wi th  
r espec t  to do l omi t e  
and / o r  c a l c l t e
A. Vadose Zone
B. P h r e a t l c  Zone
I I I .  Mixed Mar ine or  Fresh 
Waters u n d e r s a t u r a t e d  
wi t h  r e spec t  to c a l c l t e  
a nd / or  do l omi t e
A. Vadose Zone
B. P h r e a t l c  Zone
I t  1 s a r e l a t i v e l y  s imple m a t t e r  f o r  the carbonate  
p e t r o l o g l s t  working on Recent  sediments and rocks to d i f ­
f e r e n t i a t e  between the r e s u l t s  of  processes a c t i n g  under  
chemical  c i r cumstances I ,  I I *  I I I *  but  I t  1s more
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Gra in  m l c r l t i z a t l o n  and 
m l c r i t e  envelopes devel op.  
Po s s i b l e  p r e c i p i t a t i o n  of  
high Mg c a l c l t e  and a r a ­
g o n i t e .
Gra in  m l c r 1 t 1 z a t i o n  and 
m l c r i t e  envelopes deve l op .  
( ? )  (Moore,  per .  comm.,  
1 9 71 ) ;  low Mg c a l d t e  and 
d o l omi t e  form through pore 
space p r e c i p i t a t i o n ,  r e ­
p lacement ,  or I n v e r s i o n .
D i s s o l u t i o n  of  mar ine and 
non-mar ine carbonat es .
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d i f f i c u l t  to d e l i n e a t e  the m o d i f i c a t i o n s  which are p e c u l i a r  
to each A and B env i ronment .  Needless to  say,  the task of  
p r e c i s e l y  d e f i n i n g  " e a r l y "  d l a g e n e t i c  realms f o r  a n c i e n t  
carbonates 1 s o f t e n  compl ica t ed  by the loss o f  o r i g i n a l  or  
p r e - e x i s t i n g  m i n e r a l o g i e s ,  t e x t u r e s ,  and f a b r i c s .  The Cow 
Creek Limestone ahd Hammett Sha l e ,  however ,  s t i l l  r e t a i n  
d l a g e n e t i c  f e a t u r e s  which may o f f e r  an e s t i ma t e  o f  what  
happened to the sediments be f or e  deep b u r i a l .
The major  d l a g e n e t i c  m o d i f i c a t i o n s  and t h e i r  t rends  
ar e  one basis  on which the c o n s t r u c t i o n  of  a d l a g e n e t i c -  
pa l e o hy d r o l o g l c  model r e s t s .  These m o d i f i c a t i o n s  and 
t rends must then be synt hes i zed  and e x p l a i ne d  w i t h i n  the 
c on t e x t  of  known submarine d i a ge ne s i s  and Recent  ground­
water  f l o w  systems 1 n beaches and 1 o w - l y 1 ng coast a l  
p r o v 1 n c e s .
Subsea D1agenes1s
The subsea d l a g e n e t i c  a l t e r a t i o n s  to the Cow Creek 
and Hammett sediments i n c l u d e  g r a i n  m l c r 1t l z a t 1 o n , g r a i n  
enve l opes ,  I n t e r t i d a l  c e me nt a t i o n ,  and 1 1 t h 1 f I c a t i o n  of  
l agoonal  nodules and nodular  beds.  The development  o f  a 
g e n e r a l i z e d  model e x p l a i n i n g  the presence or  absence of  
these m o d i f i c a t i o n s  1 n an a n c i e n t  carbonat e  sequence 1 s 
best  l e f t  to those r e s e a r c h e r s  s tudyi ng Recent  carbonate  
sediments f o r  which the p e r t i n e n t  parameters ( c h e mi c a l ,  
m i c r o b i o l o g i c a l ,  and s e d l me n t o l o g l c a l  can be more r e a d i l y
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i d e n t i f i e d  and ana l y z e d .  I t  can be s t a t e d  t h a t  submarine  
a l t e r a t i o n s  to ca r bonat e  sediments a r e  Induced p r i m a r i l y  
by organics  ( g r a i n  m l c r 1 t 1 z a t 1 o n f g r a i n  envel opes ,  nodule  
1 1 t h i f i c a t l o n , and some I n t e r t i d a l  c e m e n t a t i o n ) ;  some 
i n t e r t i d a l  cementa t ion ( f i b r o u s  and rhombohedra1 cements)  
may be pure physlochemlcal  p r e c i p i t a t e s ,  but  organic  con­
t r o l s  on pore microenvi ronments  may be r e spons i b l e  f o r  the  
chemical  c o n d i t i o n s  e f f e c t i n g  the p r e c i p i t a t i o n .  Deposi -  
t i o n a l  r a t e s ,  the amount of  ca r bonat e  mud 1 n a sediment ,  
g r a i n  s t a b i l i z a t i o n ,  and amount of  a br a s i on  are thought  to 
be secondary c o n t r o l s  which de t er mi ne  whether  submarine  
di a ge ne s i s  occur s ,  and 1 f  1 t  does,  whether  or not  a record  
of  1t  1 s pr es er ve d .  More d e t a i l e d  d i scuss i ons  of  each 
m o d i f i c a t i o n  have been g iven  1 n the I n d i v i d u a l  se c t i ons  
concerned w i t h  submarine m o d i f i c a t i o n s .
Subaer i a l  D1agenes1s
The s p e c i f i c  d l a g e n e t i c  data t h a t  are to be used 1n 
the f o r m u l a t i o n  of  the s u b a e r l a l  d l a g e n e t i c  model a r e :
1. The c o n c e n t r a t i o n  of  do l omi t e  in the lower pa r t  of
the sequence and 1 n c e r t a i n  l agoonal  beds.
2.  The I ncr ease  1n percent  l eached g r a i n s ,  along wi th
the i nc r e a s e  1 n f i r s t  g e n e r a t i o n  bladed cements up­
ward through the nearshore f a c i e s .
3.  The c o n c e n t r a t i o n  of  r e c r y s t a l  1 1zed f a b r i c s  below 
the beach u n i t s .
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4.  The abundance of  f e r r o a n  c a l d t e s  beneath the 
beach sequence and t h e i r  r a r i t y  w i t h i n  I t .
5.  The c a l 1ch1 f1ca t 1on  of  the beach top.
Ground water  systems which occupied the Hensel -Cow 
Creek-Hammett  sediments dur i ng  Mi ddle  T r i n i t y  t ime e x i s t e d  
on both the r e g i o n a l  and l o c a l  s c a l e s .  E v e n t u a l l y ,  the  
meteor i c  waters  from both o f  these  systems met and mixed 
wi t h  mar ine I n t e r s t i t i a l  f l u i d s  1n the Cow Creek Limestone  
and Hammett Sha l e .  This mix ing ( o r  d i f f u s i o n )  of  mar ine  
and f r e s h  waters  was an I mpor t an t  f a c t o r  which c o n t r o l l e d  
the d i s t r i b u t i o n  of  e a r l y  d l a g e n e t i c  processes and p r o ­
duct s .  Kohout ( 1960)  has demonstrated 1n the f i e l d  t h a t  
the d i f f u s i o n  zone,  which separ a t es  the f r e s h - w a t e r  l ens  
from mar ine I n t e r s t i t i a l  w a t e r s ,  1 s a g r a d i e n t  1 n which 
sea water  1s g r a d u a l l y  d i l u t e d .  This d i l u t i o n  sets up a 
c y c l i c  f l ow o f  waters  where in  seawater  1 s c o n t i n u a l l y  
drawn landward to r e p l a c e  d i l u t e d ,  l ess dense brack i sh  
waters  which move upward and seaward through the sediments  
( C a h i l l ,  1967;  Kohout ,  1960)  ( F i g s .  24,  2 5 ) .  Water in the  
zone between the f r e s h  and s a l t  wat e r  bodies is d i l u t e d  
e i t h e r  as a r e s u l t  o f  1 on 1 c d i f f u s i o n  between the two 
water  masses,  or  mechanical  wat e r  mixing caused by advances 
and r egr ess i ons  o f  the f r e s h - s a l t  water  c o n t a c t  dur i ng  long 
or shor t  term changes 1 n sea l e v e l  or  f r e s h - w a t e r  d ischar ge  
r a t e s .
The s u b a e r i a l  d l a g e n e t i c  h i s t o r y  of  the Cow Creek
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Limestone and Hammett Shale can be d i v i d e d  I n t o  two phases 
based on the magni tude ( l o c a l  and r e g i o n a l )  of  the f r esh  
water  f l ow systems ( T o t h ,  1963)  in which the d i a g e n e t i c  
m o d i f i c a t i o n s  took p l ace .
The l oc a l  f r e s h - w a t e r  f l ow system p a r a l l e l e d  the 
Cow Creek beach and extended f o r  only  a shor t  d i s t a n c e  be­
hind i t .  The f r e s h  wat er  lenses 1n t h i s  system were r e ­
charged by r a i n  wa t e r  t h a t  f e l l  on the t o p o g r a p h i c a l l y  
h i ghe r  areas of  the beach and backshore zones;  the cont ac t s  
of  these lenses wi t h  s a l i n e  pore waters  were c h a r a c t e r i z e d  
by mechanical  wat e r  mixing or 1on1c d i f f u s i o n  (Kohout ,  
1 9 6 0 ) .  This system,  plus the d l a g e n e t i c  processes and 
m o d i f i c a t i o n s  t h a t  took place w i t h i n  1 t ,  is termed the  
"Cow Creek S t r a n d l l n e  Phase."
The r e g i o n a l  ground water  system extended to the 
Llano h i n t e r l a n d  and occupied the Middle  T r i n i t y  sequence 
which u n d e r l a i d  the Hensel  a l l u v i a l  p l a i n ;  t h i s  system,  
and the a l t e r a t i o n s  e f f e c t e d  by 1 t ,  1 s r e f e r r e d  to as the  
"Post  Cow Creek S t r a n d l l n e  Phase."  The r e g i o na l  system 
was c e r t a i n l y  recharged by me t e or i c  ground waters  which 
f lowed through the Pa l eozo i c  carbonates of  the Llano Up­
l i f t  and I n f i l t r a t e d  downward through the Hensel  Sand.
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Cow Creek S t r a n d l l n e  Phase
The s t r a n d l l n e  f l ow system and d l a g e n e t i c  model f o r  
the Cow Creek Beach 1s diagrammed 1n F igure  24.  Topo­
g r a p h i c a l l y  h i gher  beach r i dges  and backshore washover  
fans acted as recharge areas f o r  l oc a l  f r e s h - w a t e r  l enses  
e x i s t i n g  beneath them; because these areas underwent  ca-  
1 1  ch 1 f i c a t l o n ,  1 t i s  i n f e r r e d  t h a t  they were,  a t  most,  
onl y  spar se l y  v e g e t a t e d .  Rain water  p e r c o l a t i n g  i n t o  the 
beach sediments g r a d u a l l y  reached carbonat e  s a t u r a t i o n  
c o n d i t i o n  by d i s s o l u t i o n  of  a r a g o n i t e  g r a i n s .  During  
per iods of  r a i n f a l l ,  some water  cont inued p e r c o l a t i n g  
downward through the o x i d i z i n g  vadose zone and was added 
to the l oca l  g r ound- wat e r  r e s e r v o i r  ( F i g .  2 4 ) ,  wh i l e  in 
dry seasons water  was drawn upward as a r e s u l t  of  c a p i l ­
l a r y  a c t i o n  induced by e v a p o r a t i o n  on the beach r i d g e  s u r ­
f a c e .  Dur ing t h i s  upward movement,  the vadose waters were 
heated,  CQg d r i v e n  o f f ,  and the excess car bonat e  from 
l eached g r a i ns  p r e c i p i t a t e d  as i r o n - f r e e  bladed and mi c r o ­
c r y s t a l l i n e  cements 1 n the beach and c a l i c h e ,  r e s p e c t i v e l y  
( F i g .  2 4 ) .
I n f i l t r a t i n g  vadose met eor i c  wat e r  which a r r i v e d  a t  
the ground water  t a b l e  I n t e r m i n g l e d  wi t h  mixed f r e s h -  
mar ine p h r e a t l c  waters ( F1g . 2 4 ) .  The p h r e a t l c  waters  
were a lmost  s a t u r a t e d  wi t h  r e s pe c t  to a r a g o n i t e  and caused 
gr a i ns  to I n v e r t  and r e c r y s t a l l l z e  r a t h e r  than d i s s o l v e  
(Purdy ,  1968 ) .  The chemi s t r y  of  these mixed waters could
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have caused not  onl y  g r a i n  I n v e r s i o n ,  but a l s o  m a t r i x  I n ­
v e r s i o n  and less p r e c i p i t a t i o n  o f  c a l c i t e  cement.  Berner  
(1966)  and Ga r r e l s  and C h r i s t  ( 1965 ,  p. 106) show t h a t  
MgC^ s o l u t i o n s  i nc r e a s e  the s o l u b i l i t y  of  c a l c i t e ;  Berner  
also i n d i c a t e s  t h a t  magnesium in sea wat er  i n h i b i t s  i n v e r ­
sion o f  a r a g o n i t e  to c a l c i t e .  Magnesium c o n c e n t r a t i o n  
might  have been high enough to slow,  not  s t op ,  the i n t e r ­
s t i t i a l  p r e c i p i t a t i o n  of  low Mg c a l c i t e  1n these mixed 
w a t e r s ,  but  a t  the same t ime 1t  was s u f f i c i e n t l y  low to  
a l l o w  i n v e r s i o n  ( but  not  s o l u t i o n )  to  proceed.  Less mag­
nesium e x i s t e d  1n vadose met eor i c  s o l u t i o n s ,  and f o r  t h i s  
reason,  plus the reasons given above,  s o l u t i o n  and p r e ­
c i p i t a t i o n  processes acted more f r e e l y .
The c o n c e n t r a t i o n  of  magnesium by beach m i c r o f l o r a  
( Gebe l e l n  and Hoffman,  1 9 7 1 ) ,  and the upward wi thdrawal  of  
p h r e a t i c  s o l u t i o n s  dur i ng  dry seasons could have suppl i ed  
s u f f i c i e n t  magnesium to e f f e c t  the p a r t i a l  d o l o m 1 t i z a t i o n  
of  the "marine" f u n g - a l g a l  c a l i c h e .  This 1s not  to say 
t h a t  penecontemporaneous dol om1t1zat1on took p lace in 
h y p e r s a l i n e  s o l u t i o n s  a t  the beach top;  r a t h e r ,  i t  is 
thought  t h a t  the magnesium suppl i ed  was I nc or por a t e d  i n t o  
high Mg c a l c i t e s  which were forming 1n low Eh pore m i c r o ­
envi ronments (see p. 124; a l so  Malone and Towe, 1970) .
I r o n - f r e e  low Mg c a l c i t e  cements were p r e c i p i t a t e d  
l o c a l l y  as a r e s u l t  o f  ca l c i um and carbonat e  being added 
to the water  dur ing I n v e r s i o n  and g r a i n  d i s s o l u t i o n
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(Fr i edman,  1964;  P i n g a t o r e ,  1970 ) .  Whether the p h r e a t l c  
zone in  t h i s  s t r a n d l i n e  s e t t i n g  was an o x i d i z i n g  or  r educ­
ing envi ronment  1s not  known; I r o n - f r e e  cements might  have 
formed under any Eh in t h i s  s i t u a t i o n  i f  t h e r e  was onl y  a 
smal l  amount of  t o t a l  I ron  in the mar ine carbonate  sands 
and l o c a l l y  mixed s t r a n d l i n e  waters ( Kr a u s k op f ,  1967;  
B i l l i n g s  and Ragland,  19 69 ) .  Ferroan c a l c i t e  cements have 
been r e por t e d  from Holocene carbonates  ( C o l l e y  and Dav i es ,  
1969;  Moore,  personal  communicat ion,  1 9 7 1 ) ,  but  in both of  
these o ccur r ences ,  a s soc i a t ed  basic v o l c a n i c  e l a s t i c s  
probably suppl i ed  the i ron  In the carbonat e  cements.
Condi t i ons  were much d i f f e r e n t  under a d j o i n i n g  
s u p r a t i d a l  marsh sur f aces  In comparison to those e x i s t i n g  
in the i n t e r t i d a l  zone and beach r i d g e s .  Ground water  in  
the s u p r a t i d a l  areas was s a l i n e  or m 1 x e d - f r e s h - s a l i n e  and 
the water  t a b l e  stood very  c l ose  to the land sur f ace  
( F i g .  2 4 ) .  Water was suppl i ed  to these l o w - l y i n g  back-  
shore areas by storm overwash and e v a p o r a t i v e  pumping 
(Hsu,  1969) .
S u p r a t i d a l  l akes cont a i ned lower  s a l i n i t y  waters  
than did the marsh areas and t h e r e f o r e  the l a c u s t r i n e  
sediments co n t a i n  onl y  sparse d o l omi t e  (Shinn and o t h e r s ,
1 9 69 ) ;  however,  because e v a p o r a t i o n  was more i n t ense  on 
the muddy marsh s u r f a c e ,  magnesium was s u f f i c i e n t l y  con­
c e n t r a t e d  here to br ing about  d o l o m 1 t l z a t i o n .  Dur ing  
per i ods  o f  ext reme a r i d i t y  the l akes and marshes d r i e d  up,
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and the depos i t s  were cemented and b r e c c l a t e d  through ca-  
1i c h i f 1c a 1 1 on processes (Ward and F o l k ,  1 97 0 ) .
The abundant  o r gan i c  ma t t e r  1n the marsh and l ak e  
sediments lower  the Eh of  the wat er  in the s u p r a t i d a l  en­
v i r onment .  This reduced and h y p e r s a l i n e  water  r e f l u x e d  
downward i n t o  the u n d e r l y i n g  beach sediments and mixed 
wi t h  i r o n - b e a r i n g  wat e r  which had dr a i ned  through the  
f ea t he r e dges  of  the a l l u v i a l  p l a i n  redbeds ( F i g .  24 ) .  
Consequent l y ,  these waters  p r e c i p i t a t e d  f e r r o a n  c a l c i t e  
cement and i n v e r t e d  g r a i n s  ( r a t h e r  than l eached)  in the 
f o r e s h o r e  sediments I mmedi a t e l y  sub j a c e nt  to the supr a ­
t i d a l  d e p o s i t s .  As these waters cont inued to move seaward 
they mixed w i t h  waters  beneath the beach r i dges  where they  
were o x i d i z e d ,  or p r e c i p i t a t e d  a minor  amount of  f e r r o a n  
c a l c i t e  cement.
The s u b a e r i a l  s t r a n d l i n e  phase of  d i agenes i s  a f ­
f e c t e d  only the upper p o r t i o n  of  the Cow Creek-Hammett  
sequence because the l o c a l  me t e or i c  water  lenses were of  
l i m i t e d  e x t e n t  1n both the h o r i z o n t a l  and v e r t i c a l  dimen­
s i ons .  According to the Ghyben-Herzberg p r i n c i p l e ,  f o r  
every f o o t  of  f r e s h  water  above sea l e v e l ,  the th ickness  
of  the f r esh  water  l ens f l o a t i n g  on s a l t  wat er  of  ocean 
water  d e n s i t y  1s about  f o r t y  f e e t .  Because of  the gradual  
decrease in g r a i n  s i z e  and s o r t i n g  (and thus p e r m e a b i l i t y )  
from the beach downward i n t o  the o f f s h o r e  sediments,  and 
because of  t i d a l  f l u c t u a t i o n s  and water  mixing in the zone
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of  d i f f u s i o n ,  the f r e s h  water  lens 1s expected to be some­
what l ess than p r e d i c t e d  (Kohout ,  1960;  Back and Hanshaw,
1970 ) .  Thus,  assuming a water  t a b l e  a t  or near sea l e v e l  
( i . e . ,  0-1 f o o t  above sea l e v e l ) ,  the f r e s h  water  lens in 
the Cow Creek beach on l y  ex tended,  and Induced s u ba e r i a l  
d i a g e n e s i s ,  to a p p r o x i ma t e l y  20 f e e t  below sea l e v e l .  
T h e r e f o r e ,  the d i a ge ne s i s  a f f e c t i n g  the f a c i e s  sub j acent  
to the beach f o r e s ho r e  i n t e r v a l  must have been the r e s u l t  
of  processes a c t i n g  In a more e x t e n s i v e  ground water  body.  
This aspect  o f  Cow Creek-Hammett  d i a g e n e s i s ,  the post-Cow 
Creek s t r a n d l i n e  phase,  1s consi dered nex t .
Post-Cow Creek S t r a n d l i n e  Phase
The chemical  r e l a t i o n s h i p s  and f l ow p a t t e r n s  f o r  
the s t r a n d l i n e  phase of  d l a g e ne s i s  are n e c e s s a r i l y  o v e r ­
s i m p l i f i e d  because o f  the l ack  of  publ i shed data on s i m i ­
l a r  Recent  systems.  I t  serves i t s  purpose,  however ,  1n 
p o i n t i n g  out  the f a c t  t h a t  the va r i ous  aspects of  e a r l y  
s u b a e r i a l  d i a ge ne s i s  in a beach sequence are i n t r i c a t e l y  
r e l a t e d ,  and can be ex p l a i ned  1n terms of  l o c a l i z e d  beach 
ground waters e q u i l i b r a t i n g  w i t h  surrounding m i n e r a l o g i e s .
The s i m p l i f i e d  r e g i ona l  f l ow system (post -Cow Creek 
S t r a n d l i n e  phase) ,  c o n t r a s t s  wi t h  the s t r a n d l i n e  system,  
f i r s t ,  1n having o r i g i n a t e d  1n car bonat e  rocks o t her  than 
those under concern,  and secondl y ,  1n a f f e c t i n g  the lower  
u n i t s  of  the Cow Creek sequence.  Owing to  the former ,
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assumpt ions must be made r e ga r d i ng  the q u a l i t y  of  the f r e s h  
water  passing through t he  rocks of  the Llr.no recharge area:
1.  The pH of  waters e n t e r i n g  the exposed Pa l eozoi c  
sedimentary  rocks was onl y  s l i g h t l y  a c i d i c  (pH 5 - 6 ) .  Due 
to the a r i d  to sem1 - a r 1 d c l i m a t e ,  v e g e t a t i o n  was sparse  
and s o i l  veneers were r e l a t i v e l y  f r e e  of  decaying o r g a n i c s ;  
i n f i l t r a t i n g  waters  were probably  1 n near e q u i l i b r i u m  wi t h  
atmospher ic ant  ^ thus onl y  s l i g h t l y  a c i d i c *  As these  
waters pe r c o l a t e d  downward,  and l a t e r a l l y  ( F i g .  24)  Pa l e o ­
zo ic  l i mest one  and d o l o m i t e s ,  and po s s i b l y  the Sycamore 
Conglomerate ,  underwent  d i s s o l u t i o n ;  as a r e s u l t  the pH of  
the s o l u t i o n s  g r a d u a l l y  rose .
2.  The l ack  of  v e g e t a t i o n  and so i l  o r g a n i c s ,  plus  
the probably  rugged t e r r a i n  ( I . e . ,  the presence of  cobbles  
and pebbles in  the Hensel  a l l u v i a l  channel s )  in the r e ­
charge a r e a ,  r e s u l t e d  1 n the o x i d a t i o n  of  vadose and n e a r ­
sur f a ce  p h r e a t i c  w a t e r s .  The Eh o f  these waters  was 
g r a d u a l l y  lowered as d i s s o l v e d  oxygen was used up dur ing
the o x i d a t i o n  and h y d r o l y s i s  o f  mi ne r a l s  c o n t a i n i n g  f e r -
+ 2rous i r on  and o t h e r  reduced ions or  atoms ( i . e . ,  Mn ,
Cu+^) ( G a r r e l s  and C h r i s t ,  19 6 5 ) .  By the t ime these r e ­
g ional  ground waters ent er ed  the Cow Creek and Hammett 
Uni t s  they undoubtedly had a n e ga t i v e  Eh. S t i l l ,  o x i d i z e d  
ground waters  may have been pr esent  1 n the beach sequence 
as a r e s u l t  o f  l o c a l i z e d  I n f i l t r a t i o n  through the Hensel  
a l l u v i a l  p l a i n  sediments.
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3.  Pa l e ozo i c  carbonates 1n the Llano regi on are  
predomi nant l y  d o l o m i t e .  Waters passing through these d o l o ­
mi tes should have cont a i ned ca l c i um and magnesium i n  the  
same p r o p o r t i o n  ( 1 : 1 )  as i t  e x i s t s  in pure dol omi te  ( Mei s -  
l e r  and Becher ,  1 9 6 6 ) .  I t  is d o u b t f u l ,  however,  t h a t  down-  
g r a d l e n t  waters could r e p r e c 1 p1 t a t e  d o l o m i t e ,  because d i s ­
s o l u t i o n  o f  l i mest ones  and o t h e r  ca lc ium sources in the 
recharge area  would l ower  the Mg/Ca below the l e v e l  neces­
sary f o r  do l omi t e  replacement  or p r e c i p i t a t i o n .  These 
waters probabl y  became s u p e r s a t u r a t e d  wi t h  r espec t  to c a l ­
c i t e  dur i ng  t h e i r  seaward f l o w ;  c a l c i t e  was p r e c i p i t a t e d  
and the Mg/Ca of  the s o l u t i o n s  rose as a r e s u l t  of  the  
removal  of  ca l c i um.  This chemical  change a p p a r e n t l y  takes  
place 1n the F l o r i d a  a q u i f e r s  (Back and Hanshaw, 1966)  
where ground waters  f i r s t  become s a t u r a t e d  w i t h  c a l c i t e  
and t hen ,  f u r t h e r  down the a q u i f e r ,  Mg/Ca increases  to  
l e v e l s  g r e a t e r  than one and the s o l u t i o n s  are s u pe r s a t u ­
r a t e d  wi th r espec t  to d o l o m i t e .  Back and Hanshaw (1966)  
and Hanshaw and o t he r s  (1971)  r e p o r t  t h a t  d o l o m i t l z a t l o n  
can be e f f e c t e d  by ground waters wi t h  a Mg/Ca^l  .
Ground wat er  in the Cow Creek-Hammett  u n i t s  could  
have e x i s t e d  under conf i ned  ( a r t e s i a n )  or unconf ined ( wa t e r  
t a b l e )  a q u i f e r  c o n d i t i o n s .  The c l a y  and mudstone beds in  
the lowermost  (Hammett)  and uppermost ( Hense l )  pa r t s  of  
the sequence probably  impeded the f l ow of  wa t e r ,  but  i t  
cannot  be s t a t ed  t h a t  they acted as compl e t e l y  Impermeable
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b a r r i e r s  because i n t e r c a l a t e d  sands,  t h i c k e r  and more abun­
dant  near the embayment margins ( F i g .  4 ) ,  probabl y  a l lowed  
the passage of  some wat e r .  At the very l e a s t ,  the c l a y -  
stone and mudstone beds acted as semipermeable membranes 
through which s e l e c t  ions d i f f u s e d ;  t h i s ,  however,  i s  a 
c o mp l i c a t i n g  f a c t o r  in the development  of  a s i m p l i f i e d  
model and w i l l  not  be delved i n t o  f u r t h e r .  I t  1s l o g i c a l  
to conc l ude ,  t h e r e f o r e ,  t h a t  the r e g i ona l  f l ow system 
opera ted  under nonconf i ned,  wat er  t a b l e  c o n d i t i o n s  o r ,  
a l t e r n a t i v e l y ,  under very l eaky  ( p a r t i a l l y - c o n f i n e d )  a r t e ­
s i an  c i r cumstances .
The post-Cow Creek S t r a n d l i n e  hydrochemical  system,  
and a t t e n d a n t  d i a g e n e t l c  a l t e r a t i o n s ,  are d e p i c t e d  1 n 
Fi gur e  25.  The f o l l o w i n g  d i s c us s i o n  1s l i m i t e d  to the de­
velopment  o f  a d o l o m i t 1 z a t 1 o n - r e c r y s t a 1 1 1 z a t l o n  model f o r  
the Hammett and Cow Creek u n i t s  ( t h e  f i n a l  cementat ion of  
the Cow Creek beds t h a t  1s thought  to have taken p lace in  
t h i s  system has a l r e a d y  been d i scussed ,  p. 118 ) .  Because 
of  the a r i d  c l i m a t e ,  i t  is assumed t h a t  s a l t  water  I n t r ude d  
i n l and  f o r  some d i s t a n c e ,  but  e x a c t l y  how f a r  is not  known.  
A l a r g e  c i r c u l a t i n g  c e l l  of  s a l t  w a t e r ,  separa ted from the  
f r e s h  water  by a br ac k i s h  water  zone,  e x i s t e d  as 1 n the  
s t r a n d l i n e  f l ow system.  C i r c u l a t i o n  w i t h i n  t h i s  c e l l  was 
slower  than 1 n the l oca l  beach c e l l s  because of  the lower  
p e r m e a b i l i t i e s  of  the f i n e - g r a l n  o f f s h o r e  sediments.
As the waters from the  d o l o m i t t c  recharge area
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enter ed  the reg i on  of  s a l t  and f r e s h  water  mi x i ng ,  major  
chemical  adj ustments  began to t ake  p l a c e .  Mar ine i n t e r ­
s t i t i a l  waters in the semi -compacted l ime muds ( t he  ones 
t h a t  would be d o l o m i t i z e d ) of  the Hammett and lower Cow 
Creek shoal  beds s t a r t e d  to undergo d i l u t i o n  wi th  f r esh  
waters ( F i g .  2 5 ) .  The a c t i v i t y  c o e f f i c i e n t s  of  magnesium 
and ca l c i um in the margi na l  mar ine i n t e r s t i t i a l  waters  
rose;  c o n e u r r e n t 1 y , the a c t i v i t y  c o e f f i c i e n t s  of  these  
ions in the a d j a c e n t  " d o l o m i t i c "  f r e s h  waters were being  
l owered.  Due to water  i n t e r m i n g l i n g  (or  1on d i f f u s i o n )  
a c t i v i t i e s  o f  magnesium and ca l c i um would decrease wi th  
r espec t  to the unmixed i n t e r s t i t i a l  mar ine wat e r .
Assume t h a t  ca l c i um and magnesium c o n c e n t r a t i o n s  1 n 
the T r i n i t y  Group f r e s h  waters  were 100 ppm and 50 ppm 
(molal  Mg/Ca * . 833)  r e s p e c t i v e l y  (Hennlngsen,  1 9 6 2 ) ,  and,  
f o r  normal ,  mar ine w a t e r ,  Ca * 400 ppm and Mg = 1300 ppm 
(molal  Mg/Ca=5/1)  (Kr ouskopf ,  19 6 7 ) .  With these f i g u r e s ,  
marine I n t e r s t i t i a l  f l u i d s  could be d i l u t e d  e i g h t e e n  t imes  
over  wi th  f r e s h  ground waters b e f o r e  the mi x t u r e  would f a l l  
below the Mg/Ca -  1 necessary f o r  d o l o m i t 1z a t I o n  to proceed 
i n carbonat e  s a t u r a t e d  f r e s h  waters  (Back and Hanshaw,  
19 6 6 ) .  Some coa s t a l  ground waters  of  Yucatan,  f o r  example,  
ar e  s up e r s a t u r a t e d  by a f a c t o r  of  1 0  wi th  r espec t  to d o l o ­
mi t e  (Back and Hanshaw, 1970 ) .  Land ( 1970)  presents  carbon  
and oxygen I so t ope  da t a  f o r  d o l o m l t i z e d  P l e i s t o c e n e  c a r ­
bonates from the nor th coast  of  Jamaica which are
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I n d i c a t i v e  of  repl acement  under meteor i c  c o n d i t i o n s .
L a t e r a l  p u l s a t i o n s  of  the g r ound- wat e r  lens (caused  
by changes 1 n s e a - l e v e l  or c l i m a t e )  would s h i f t  the b r a c k ­
ish water  zone back and f o r t h  and ac t  as a mechanism by 
which magnesium would c o n s t a n t l y  be suppl i ed  to the do l o -  
m i t i z l n g  system.  The presence of  c l a y s  and d e t r i t a l  d o l o ­
mi t e  in the sediment  could c a t a l y z e  the d o l o m i t l z i n g  r e a c ­
t i o n s  in the c l a y - r i c h ,  noncompacted l ime muds; r e p l a c e ­
ment did not  t ake  place  1 n the I n s o l u b l e  poor l ime muds 
because they had a l r e a d y  compacted and l o s t  most of  t h e i r  
p o r o s i t y  and p e r m e a b i l i t y .  Ext ra  c a r b o na t e ,  needed f o r  
the r e p l a c i n g  d o l o m i t e ,  was d e r i v e d  from l o c a l l y  d i s s o l v ­
ing s h e l l  f ragments and brought  1n by mixed waters (Moore,
19 60 ) .
As the mixed,  l ess dense waters were forced upwards 
( F1g . 25)  through the sequence,  r e c r y s t a l l i z a t i o n  of  both 
al lochems and ma t r i x  took p lace  in the shoal  and l agoonal  
beds because of  the same basic mechanism, s u p e r s a t u r a t i o n  
wi t h  respec t  to c a l c i t e ,  presented in the s t r a n d l i n e  d 1 a-  
g e n e t i c  phase (p .  1 4 7 ) .  Some s e l e c t i v e  d o l o m i t i z a t i o n  
occurred a f t e r  ma t r i x  r e c r y s t a l 1 1 z a t 1 on 1 n u n i t s  c o n t a i n ­
ing abundant  d e t r i t a l  d o l o m i t e .  F l u i ds  were s t i l l  s a t u ­
r a t e d  wi t h  r e s pe c t  to d o l o m i t e ,  b u t ,  e i t h e r  because of  the  
k i n e t i c s  o f  n u c l e a t l o n  or  the l a r g e  s i z e  o f  the c r y s t a l s  
1n the r e c r y s t a l  11 zed l ime muds ( Mur ray ,  19 6 0 ) ,  onl y  c e r ­
t a i n  beds were d o l o m l t i z e d .  D e t r i t a l  do l omi t e  acted as
1 59
a c t i v a t i o n  ( n u c l e a t l o n )  s i t e s  f o r  the growth of  do l omi te  
from s o l u t i o n s ,  which by now were onl y  s l i g h t l y  super ­
s a t u r a t e d  w i t h  r espec t  to d o l o m i t e .  The s t a t e  of  super ­
s a t u r a t i o n  was probably  i n s u f f i c i e n t  to e f f e c t  spontaneous 
r epl acement  because the k i n e t i c  energy necessary f o r  nu­
c l e a t l o n  was not high enough.  Thus,  on l y  beds c o n t a i n i n g  
very numerous seeds ( d e t r i t a l  d o l o m i t e )  underwent  s i g n i f i ­
cant  do l omi t e  rep l acement .
CONCLUSIONS AND IMPLICATIONS
The Cow Creek Limestone has long been recognized as 
a prograding beach complex.  However,  the d e t a i l e d  a n a l y ­
sis of  i t s  c o n s t i t u e n t  l i t hos ome s ,  and those of  the super ­
j a c e n t  Hensel  Sand and sub j acent  Hammett Sha l e ,  has led to 
a more p r e c i s e  d e f i n i t i o n  of  the envi ronments represented  
and a b e t t e r  under s t andi ng  o f  t h e i r  i n t e r r e l a t i o n s h i p s .
As in s i m i l a r  s t r a t i g r a p h l c  a n a l y s e s ,  once the d e p o s i t l o n a l  
regimes are deduced from p e t r o l o g i c  ev i dences ,  and these  
1 n t u r n  are viewed in r e l a t i o n  to t h e i r  s t r a t i g r a p h i c  
f ramework,  the c o n s t r u c t i o n  of  a d e p o s i t l o n a l  model is  
f e a s i b l e .  U l t i m a t e l y ,  t he  sequdnce's d e p o s i t l o n a l  h i s t o r y  
can be i n t e r p r e t e d  on a sound bas i s .
1. The upper s u r f a c e  of  the Sycamore Conglomerate was 
covered by o v e r l a p p i n g  basal  Hammett sandstones,  
c l a y s t o n e s ,  and c l a y - r i c h  ca r b ona t es .  These l l t h o l o -  
gies were depos i t ed  dur ing a mar ine t r a n s g r e s s i o n  
and r e p r e s e n t  the d e t r i t u s  d e r i v e d  from the denuded 
Llano source a r e a .
2.  As c l a s t i c  i n f l u x  cont inued to d i m i n i s h ,  carbonate  
envi ronments came I n t o  e x i s t e n c e  1 n the q u i e t  open 
mar ine a r ea s .  E f f e c t i v e  b i o l o g i c a l  t r app i ng  
mechanisms were r e s p o n s i b l e  f o r  the d e p o s i t i o n  of
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the I n t e r c a l a t e d  c l a y - r i c h  l ime wackestones and 
c l a y - p o o r  l ime packstones.  The l ime wackestones  
were d o l o m i t i z e d  soon a f t e r  d e p o s i t i o n .
3.  Synchronous wi t h  the d e p o s i t i o n  of these deeper ,  
q u i e t  water  l ime muds, a sequence o f  s h a l l ow,  n e a r ­
shore mar ine carbonates and a l l u v i a l  p l a i n  s e d i ­
ments began prograding eastward .
4.  The sha l l ow o f f s h o r e  to s t r a n d l i n e  carbonate  u n i t s  
c o n s i s t  of  d o l o m i t i z e d  o y s t e r  packstones,  deposi ted  
1 n an o y s t e r  bank env i ronment ;  the t i d a l  shoal  se ­
quence 1 s composed of  burrowed arenaceous 1 1 me pack­
stones and sor ted l ime g r a l n s t o n e s ;  lagoonal  and 
i nner  shoal  u n i t s  a r e  c o a r s e l y  c r y s t a l l i n e  d o l o ­
m i t e s ,  r e c r y s t a l l I z e d  f o s s l 1 1 f erous quar t z  a r e n i t e ,  
and p e l l e t  1 1 me packstone nodules and nodular  beds;  
o y s t e r - m o l 1 usk l ime g r a l n s t o n e s  ana packstones make 
up the beach f o r e s h o r e  a c c r e t i o n  beds and upper  
o f f s h o r e  f es t oon  c r os s - b eds .
5. The uppermost f o r e s h o r e  sediments underwent  c a l l c h i -  
f l c a t i o n  soon a f t e r  d e p o s i t i o n  w h i l e  the f o r es hor e  
was s t i l l  under the i n f l u e n c e  o f  mar ine waters .
6 . O c c a s i o n a l l y ,  s u p r a t i d a l  s a l t  marshes and h yper ­
s a l i n e  (?)  l akes  developed 1 n the backshore areas  
of  the beach.  Some of  these d o l o m i t i z e d  s u p r a t i d a l
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sediments and l ake  d epos i t s  were c a l 1 c h 1 f 1 ed con­
temporaneously wi t h  the a l t e r a t i o n  of  the uppermost  
f o r e s h o r e  u n i t s .
7.  Red mudstones and channel  sandstones and conglomer­
a t e s ,  depos i t ed  on the Hensel  a l l u v i a l  p l a i n ,  
covered t he  backshore and beach sediments as the  
s t r a n d l i n e  cont inued to advance seaward.
8 . U l t i m a t e l y ,  sediment  p r o gr a d a t i o n  slowed to the  
p o i n t  where 1 t  could not  keep pace wi th  s h e l f  sub­
s i dence ,  and mar ine t r a n s g r e s s i o n  ensued.  The upper  
p a r t  o f  the c o n t i n e n t a l  Hensel  depos i t s  a r e  1 n 
f a d e s  wi t h  o v e r l a p p i n g  basal  Glen Rose 1 n t e r t 1 d a l -  
s u p r a t i d a l  d o l o mi t e s .
9.  The c a l i c h e s  in the upper beach and 1n the a l l u v i a l  
sequence,  plus the abundance of  s me c t i t e  1 n a l l u v i a l  
p l a i n  sediments I n d i c a t e  t h a t  the Mi ddle  T r i n i t y  
c l i m a t e  in t h i s  area was sem1 - a r 1 d to a r i d .
In l i g h t  of  the d e p o s i t l o n a l  model ,  the upper  
Sycamore to Lower Glen Rose I n t e r v a l  Is i n t e r p r e t e d  
as r e p r e s e n t i n g  a r e g r e s s i v e  p r o g r a d a t 1 onal package 
of  c o n t i n e n t a l  (Hense l )  and mar ine (Cow Creek-  
Hammett) sediments bounded by mar ine t r ansgr ess  1ve 
" u n c o n f o r m i t i e s . "  P r e v i o u s l y ,  a r e g i o na l  uncon­
f o r m i t y ,  r e p r e s e n t i n g  a s i g n i f i c a n t  t ime h i a t u s ,
163
was I n f e r r e d  to be p r es ent  a t  the base of  the mar ine  
c a l i c h e .  Deduct ions based on the d i a g e n e t i c  and 
sed 1 mentol  og1 ca 1 data of  t h i s  study negate the p r e s ­
ence of  t h i s  u nc onf or mi t y ,  thus making the Hensel  
depos i t s  a f a c i e s  e q u i v a l e n t  of  the Cow Creek Beach.
The a p p l i c a t i o n  o f  t h i s  d e p o s i t l o n a l  model to o t her  
Texas Lower Cretaceous sequences would lead to a b e t t e r  
understanding of  the I n t e r r e l a t i o n s h i p s  between re pr es ent ed  
env i ronments ,  and more l o g i c a l  pa 1 eogeograph1 c r e c o n s t r u c ­
t i o n s  and d e p o s i t l o n a l  h i s t o r i e s .
The d l a g e n e t l c  I n t e r p r e t a t i o n s  given below ar e  a 
p a r t i a l  v e r i f i c a t i o n  of  the " e a r l y "  1 1 1 h 1 f I c a t i o n  of  c a r ­
bonates ,  but more I m p o r t a n t l y ,  they suggest  t h a t  many d i a -  
ge n e t l c  m o d i f i c a t i o n s  are r e l a t e d  one to anot he r .  These 
f i n d i n g s  are a l s o  taken as a t e s t  o f  the hypothesis  t h a t  
s h a l l o w,  ca rbonat e  d i a ge n e s i s  1 s I n t r i n s i c a l l y  c o n t r o l l e d  
by both d e p o s i t l o n a l  processes f u n c t i o n i n g  w i t h i n  I n d i ­
v i dua l  l l t h o t o p e s ,  and e a r l y ,  n e a r s ur f a c e  mar i ne ,  mixed 
mar i ne ,  and f r e s h  water  systems.  The analyses of  A l l e n  
( 1970 )  and Moore and A l l e n  (1971)  a l so lend s u b s t a n t i a t i o n  
to t h i s  hypot he s i s ,  and the d l a g e n e t l c  h i s t o r y  of  the Cow 
Creek Limestone 1s 1n I t s e l f  a f u r t h e r  c o n f i r m a t i o n .  V e r i ­
f i c a t i o n  of  t h i s  hypothesis  from o t h e r  carbonat e  sequences 
1 s necessary;  I t  must be understood,  however,  t h a t  such 
s t ud i e s  must not  onl y  be s t ud i e s  1 n d i a ge ne s i s  but  a l so  
s t u d i e s  of  r e g i o n a l  pa l eogeogr aphl es  and d e p o s i t l o n a l
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hi s t o r i  e s ,
1. The occur rence o f  m l c r l t l z e d  g r a i n  envelopes and 
nodules r e f l e c t s  the va r y i ng  e f f e c t  of  organics and 
m i c r o f l o r a  w i t h i n  the d e p o s l t i o n a l  envi ronment .
Subsea g r a i n  m i c r l t l z a t l o n  and envelope development  
proceeded most e f f i c i e n t l y  w i t h i n  the w e l l - s o r t e d  
beach sands.  The absence o f  mud w i t h i n  a sediment ,  
plus the r a t e  of  d e p o s i t i o n ,  are c o n t r o l l i n g  f a c ­
t o r s  1 n the d i s t r i b u t i o n  of  the b a c t e r i a ,  a l g a e ,  
and fungi  r e s p o n s i b l e  f o r  these  g r a i n  m o d i f i c a t i o n s ;  
sediment  s t a b i l i z a t i o n  and I n t e n s i t y  o f  abr as i on  may 
det e r mi ne  whether  m l c r l t e  envelopes ever  form,  or  
ar e  p r eser ved.  Moore ( persona l  communicat ion,
1970)  and A l l e n  ( 1970)  have a l so found t h a t  these  
two a l t e r a t i o n s  a r e  most pronounced 1 n beach vs.  
o f f s h o r e  e q u i v a l e n t  sediments .
2.  Cement d i s t r i b u t i o n  p a t t e r n s  are 1n p a r t  p r e d i c t a b l e  
f rom the beach d e p o s i t l o n a l  model ,  but  s u b s t r a t e  
t yp e ,  water  movements,  and wat er  chemi s t r y  must  
a l s o  be taken I n t o  account .
3.  The e a r l y  m a r i n e - f r e s h  wat e r  f l ow and chemical  sys­
tems o p e r a t i n g  w i t h i n  a beach and I t s  backshore  
subenvi ronments ( l a k e ,  s a l t  marsh,  c a l i c h e )  are  
I n t i m a t e l y  r e l a t e d  to topography,  p r e v a i l i n g  c l i m a t e ,  
and the t e x t u r a l  and m l n e r a l o g l c a l  a t t r i b u t e s  of  the
sediments.  Because topography and sediment  d i s t r i ­
but i on  are c o n t r o l l e d  by d e p o s i t l o n a l  processes,  
much of  the e a r l y  hydrochemical  r e g 1 me--and the 
s t r a n d l i n e  d l a g e n e t l c  phase- -1s  a l s o .  The I ncr ease  
upwards 1 n the beach 1 n f requency of  moldic c a v i t y  
f i l l e d  ( Ps ) a r a g o n i t l c  g r a i n s  and f i r s t  g e n e r a t i o n  
bladed cements bears a c a u s e - e f f e c t  r e l a t i o n s h i p  
which 1 s set  up by the l o c a l  hydrology and the 
chemical  e q u i l i b r a t i o n  o f  r a i n  water  in  the f r e s h ­
water  vadose zone.  In the p h r e a t l c  zone o f  the  
beach,  or underneath the s u p r a t i d a l  marsh s u r f a c e ,  
mixed ( ?)  or  s up e r s a t u r a t e d  w a t e r s ,  al-ong w i t h  pos­
s i b l e  ion I n h i b i t i o n ,  caused a r a g o n i t l c  g r a i ns  to 
I n v e r t  and r e c r y s t a l  1 1 ze wh i l e  c u r t a i l i n g  cement  
p r e c 1 pi t a t i o n  .
The mar ine c a l i c h e  formed on s l i g h t  t opogr aphi c  
highs 1 n the beach backshore through cementat ion  
from r i s i n g  vadose wat e r s ,  and fungal  and a l ga l  
a c t i v i t y .  The packstone to wackestone g r a da t i o n  
upward through the c a l i c h e  came about  through  
d e s i c c a t i o n ,  g r a i n  d i s s o l u t i o n ,  and g r a i n  m i c r l t i -  
z a t l o n .  The c o n t r a s t  between the f e r r o a n  do l oml -  
c r i t e  cements and I r o n - f r e e  m l c r l t e  and spar cements 
1 s the r e s u l t  of  p r e c i p i t a t i o n  o f  high and low mag­
nesium c a l c l t e s  w i t h i n  I n t e r s t i t i a l  m i c r o e n v i r o n ­
ments.
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5. S e m i - f l u i d  c l ayed l ime muds were I n j e c t e d  I n t o  com­
pacted c l a y - p o o r  o f f s h o r e  l i me  muds due to l oadi ng  
caused by p r o g r a d a t i o n  of  t he  nearshore sequence 
over them.
6 . Mixing o f  mar ine I n t e r s t i t i a l  waters  wi t h  waters of  
the r e g i ona l  f l o w  system caused the s e l e c t i v e  d o l o -  
m i t l z a t l o n  o f  the semi - 1 1 t h 1 f 1 ed c l a ye y  o f f s h o r e  
11me muds, dur i ng  the post-Cow Creek s t r a n d l i n e  d l a ­
ge n e t l c  phase.  L a t e r a l  m i g r a t i o n s  of  the zone of  
d i f f u s i o n  led to a s i t u a t i o n  1 n which the magnesium 
necessary f o r  d o l o m i t 1 z a t 1 on was c o n t i n u a l l y  sup­
p l i e d  to the sediments.
7.  Dur ing the upward f l ow of  the l ess  dense mixed 
waters I n v e r s i o n  and r e c r y s t a l  1 1 z a t 1 on of  s h a l l owe r  
nearshore car bonat e  muds took p l a c e .  These waters  
were d e f i c i e n t  1 n magnesium as a r e s u l t  of  the
dolom11 1z a t 1 on o f  Hammett ca rbonat es  and,  t h e r e f o r e ,  
only the lagoonal  beds c o n t a i n i n g  high percentages  
of d e t r i t a l  d o l omi t e  seeds were d o l o m i t i z e d .
8 . F inal  c a l c i t e  cement a t ion  o f  the beach sediments  
took p lace under e i t h e r  reducing p h r e a t l c  and o x i ­
d i z i n g  vadose c o n d i t i o n s ,  or  1 n ground waters which 
were o x i d i z e d  near the water  t a b l e  and reduced a t  
some depth ( 1 0 - 2 0  f t )  below sea l e v e l .  The former  
ci rcumstance c a l l s  f o r  a gr ound- wat e r  t a b l e  below
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sea l e v e l  to e x p l a i n  the I r o n - f r e e  (vadose)  c a l c i t e  
cements in the upper p a r t  of  the f o r e s ho r e  beds and 
the f e r r o a n  ( p h r e a t l c )  cements a t  g r e a t e r  depths .
The subsea landward s l opi ng  ground- wat e r  t a b l e  which 
e x i s t e d  in t h i s  s i t u a t i o n  1 s d i f f i c u l t  to e n v i s i o n ,  
even though s i m i l a r  h y d r o l o g i c  c o n d i t i o n s  have oc­
c a s i o n a l l y  been r e po r t e d  1n Recent  a r i d  coasta l  
a r ea s .  In the c o n t e x t  of  the Cow Creek-Hensel  
pa 1 eogeography and c l i m a t e ,  the landward s l opi ng  
s a l t  wa t e r  or  ground water  t a b l e ,  r a t h e r  than above 
sea l e v e l  wat e r  t a b l e ,  1 s favored to account  f o r  
the d i s t r i b u t i o n  of  i r o n - f r e e  and f e r r o a n  cements 
encou n t e r e d .
V a l i d a t i o n  o f  the e x p l a n a t i o n s  given f o r  the  
d l a g e n e t l c  a l t e r a t i o n s  s t ud i ed  may be obta ined from 
carbon-oxygen I s o t o p e  s t ud i es  o f  the dol omi tes  and 
r e c r y s t a 1 1 i zed  l ime muds; microprobe t r a v e r s e s  of  
the cements f o r  Fe+^,  Sr+ ^,  Mg+^,  Na+  ^ might  a lso  
r e f i n e  the I n f e r e n c e s  concerning t h e i r  p r e c i p i t a ­
t i o n  env i ronments .
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APPENDICES
APPENDIX A
PROCEDURES 
F i e l d  Work
Dur ing the f i e l d  season 1969-1970 a p p r o x i ma t e l y  600 
samples were c o l l e c t e d  from 18 se c t i ons  of  the Hensel  Sand,  
Cow Creek L imestone,  Hammett Sha l e ,  and uppermost Sycamore 
Conglomerate .  L1t hof ac1es  were d i f f e r e n t i a t e d  on the bases 
o f  l i t h o l o g y  and sedimentar y  s t r u c t u r e s  and t h icknesses  
were determi ned by hand l e v e l  and measuring t ape .
Thin Se c t i on  An a l y s i s
Four hundred and f i f t y  t h i n  s e c t i o ns  were prepared  
and s t a i n e d  wi t h  potassium f e r r o c y a n l d e  accordi ng to the  
procedure o u t l i n e d  by Evamy ( 1 9 6 3 ) ;  of  t h e s e ,  180 were 
po i n t  counted;  the remaining t h i n  s e c t i o n s ,  ma i n l y  from 
the Hammett Shale i n t e r v a l ,  were c l a s s i f i e d  according to 
t e x t u r e  and f a b r i c  (Dunham, 1 9 67 ) ;  the d l a g e n e t l c  m o d i f i ­
c a t i o n s  of  each t h i n  s e c t i o n  were a l so  noted.
Po i n t - c ount e d  t h i n  se c t i ons  were f i r s t  scanned at  
low m a g n i f i c a t i o n  (x 1 0 ) to l o c a t e  a l i n e  of  t r a v e r s e  
through a homogeneous p a r t  o f  the s l i d e  ( I . e . ,  not  b u r ­
rowed)  thought  to be r e p r e s e n t a t i v e  of  the l i t h o l o g y  
sampled.  One hundred and s e v e n t y - f i v e  t a l l i e s  were made
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along t h i s  l i n e  in the f o l l o w i n g  manner:  g r a i n  t y p e s ,  plus
t h e i r  d i a g e n e t l c  a l t e r a t i o n s ,  1 f  any,  were noted once,  r e ­
gar d l es s  of  s l 2 e,  every  t ime they formed an i n t e r s e c t  w i t h  
the c r o s s - h a i r s ;  d i s t i n c t l y  d i f f e r e n t  patches of  c a l c i t e  
or d o l o mi t e  ma t r i x  were counted as u n i t s  because of the 
f i ne ne ss  of  t he  component c r y s t a l l i t e s ;  d i s s i m i l a r  cement  
f a b r i c s ,  whether  e x i s t i n g  as one c r y s t a l  or  as c r y s t a l  
groups,  were a l so  counted as s e p a r a t e  e n t i t l e s .  Thus,  each 
g r a i n  and separ ab l e  1 n t e r g r a n u l a r  t e x t u r e  and f a b r i c  was 
noted once every  t ime i t  occur red under the cross h a i r s .  
This type o f  p o ' n t  count i ng procedure i s  s i m i l a r  to the 
l i n e  method used on loose g r a i n  mounts,  but  d i f f e r s  
s l i g h t l y  because some of  the recorded u n i t s  a r e  groups of  
s i m i l a r  c r y s t a l s  r a t h e r  than I n d i v i d u a l  c r y s t a l s .  The 
method y i e l d s  a number f requency  f o r  the c a t e g o r i e s  en­
count e r e d ;  i t  under es t i mat es  the area of  the l a r g e r  u n i t s  
{mai n ly  g r a i n s )  wh i l e  a l s o  u n d e r e s t i ma t i ng  the number p e r ­
centage f o r  the s ma l l e r  u n i t s  ( ma i n l y  cement and ma t r i x  
t ypes)  (Galehouse,  1969 ) .  N e v e r t h e l e s s ,  t h i s  approach was 
more exped i ent  than count ing on a 1 a r g e r - t h a n - t h e - 1 a r g e s t -  
g r a l n - 1 n t e r v a l  bas is  because I t  a l l owed f o r  t he  c o l l e c t i o n  
of  data on d i v e r s e  cement types w i t h o u t  n e c e s s i t a t i n g  the  
t a i l i n g  of  a p r o h i b i t 1 v e l y  l a r g e  number of  p o i n t s .
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I n s o l u b l e  Residue Ana l y s i s
One hundred and f i f t e e n  specimens from the Hensel  , 
Cow Creek,  and Hammett I n t e r v a l s  were ground to a s u i t a b l e  
s i z e  (^10 mm) f o r  ac i d  d i g e s t i o n .  Ten grams of  every  
crushed sample were weighed o u t ,  placed in 1 0 0  ml beakers,  
and t r e a t e d  p e r i o d i c a l l y  w i t h  a l i q u o t s  o f  15% g l a c i a l  
a c e t i c  ac id u n t i l  no n o t i c e a b l e  e f f e r v e s c e n c e  could be 
p e r c e i v e d .  Reslduums were then washed t wice  w i t h  d i s t i l l e d  
w a t e r ,  oven d r i e d ,  weighed,  and the percent  i n s o l u b l e  r e s i ­
due c a l c u l a t e d  f o r  each sample.
P r e p a r a t i o n  o f  Standards  
f o r  Bulk X - r a y  Analyses
Bulk sample c a l c l t e ,  d o l o m i t e ,  and quar t z  per cen­
tages were determined by X - r a y  d i f f r a c t i o n  according to the 
method of  Tennant  and Berger  ( 1 9 5 7 ) .  In t h i s  method,  the  
I n t e n s i t y  ( r u l e r  h e i g h t s )  of  the f i r s t  order  c a l c i t e  
( 3 . 0 3  A), do l o mi t e  ( 2 . 8 8  A), and q ua r t z  ( 3 . 3 5  A) peaks 
from i n d i v i d u a l  samples are measured,  peak he1 g h t - 1 n t e n s i t y  
r a t i o s  c a l c u l a t e d ,  and the r a t i o  va lues compared to c a l i ­
b r a t i o n  curves .  Three o f  these curves ( c a l c l t e / d o l o m i t e ;  
c a l c i t e / q u a r t z ; d o l o m i t e / q u a r t z )  were co ns t r u c t e d  from the  
X- r a y  analyses o f  a r t i f i c i a l l y  prepared mi x t u r e s .
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Labor at ory  Procedure f o r  Curve Con s t r u c t i on
1.  I n d i v i d u a l  p o r t i o n s  of  I c e l a nd  spar ( low Mg c a l -  
c i t e ;  CaC03 ) ,  pure d o l o m i t e ,  and q u a r t z  c r y s t a l s  were 
ground f o r  2 0  minutes in an e l e c t r i c  mor tar  and p e s t l e .
Each was s ieved and the <200 mesh f r a c t i o n  X- rayed to 
check f o r  p u r i t y .
2. From the <200 mesh f r a c t i o n s ,  10,  20,  40 ,  60,
80 ,  and 90 wei ght  per cent  mi x t u r e s  of  c a 1c i t e - d o l o m i t e , 
c a l c i t e / q u a r t z  , and d o l o m i t e / q u a r t z  were prepared by v a r y ­
ing the r e s p e c t i v e  mi ner a l  p r o p o r t i o n s  1 n a two-gram 
sample.  Weighing was done on a M e t t l e r  e l e c t r o n i c  balance  
wi th a <.0001 gram accur acy .  The mi x tur es  were placed in  
c o n t a i n e r s  and homogenized 1 n an e l e c t r i c  shaker  f o r  2 0
mi nu tes .
4.  The samples were packed in aluminum h o l d e r s ,  
X-rayed ( a t  2000 f u l l  s c a l e  count  and t ime constant  of  
f i v e ) ,  and r u l e r  h e l g h t s - 1 n t e n s l t i e s  of  the major  peaks 
measured.  Values f o r  the r a t i o s  d o l o m i t e / d o l o m i t e  + c a l ­
c l t e ,  d o l o m i t e / d o l o m i t e  + q u a r t z ,  and c a l c l t e / c a l c l t e  + 
q ua r t z  were c a l c u l a t e d  and p l o t t e d  a g a i n s t  percent  d o l o ­
mi t e  and c a l c l t e  r e s p e c t i v e l y .  The l i n e  of  best  f i t  was 
determi ned f o r  each by l i n e a r  r e g r e s s i o n  a n a l y s i s .
These t h r e e  curves ar e  presented in Figures A1 and
A2.
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Bulk Sample and <2u Ana l y s i s
Bulk samples were prepared in the same manner as 
above.  Because a t y p i c a l l y  t hree-component  system was 
being a n a l y z e d ,  two o f  the t h r e e  c a l i b r a t i o n  curves had to 
be used to  a r r i v e  a t  the a b s o l u t e  va l ue  of  each phase 
w i t h i n  the sample.  Which two curves were used depended 
most l y  on which two o f  the t h r e e  components were most 
abundant  in a sample.  A f t e r  the r e l a t i v e  percents  
( d o l o m i t e - c a l c i t e ,  do 1 o m i t e - q u a r t z , and c a 1 c i t e - q u a r t z ) 
were determi ned f o r  each specimen they were set  equal  to 
one anot her  { i . e . ,  c a 1 c 1 t e : dolom1 te * d o l o m i t e : quar t z  ; 
c a l c 1 t e : qu a r t z  = q u a r t z : do l omi t e  ; d o l o m i t e : c a l c i t e  = 
c a l c i t e : q u a r t z ) and the a b s o l u t e  values a r r i v e d  a t .  Be­
cause the two component curves are very I n a c c u r a t e  below 
1% v a l u e s ,  components may be recorded as < 2 % or <<5% a f t e r  
c a l c u l a t i o n  on a three-component  ba s i s .
The l ess than 2y f r a c t i o n  was ana lyzed according to  
a method developed and used a t  the Lou i s i ana  S t a t e  U n i v e r ­
s i t y  Geology Department  ( De v i ne ,  1971 ) .  A f t e r  a d ispersed  
<2g f r a c t i o n  was s e p a r a t e d ,  a p p r o x i ma t e l y  .05 grams c l a y  
from the removed a l i q u o t  was c e n t r i f u g e d  onto a glass  
s l i d e .  The sample was then g l y c o l a t e d  f o r  24 hrs.  and 
X- rayed from 2 ° - 3 1 o20 a t  2 ° / mi n  a t  a s u i t a b l e  f u l l  sc a l e  
and t ime c o n s t a n t .  They are  then X- rayed aga in  from 2 4 . 3 -  
25 . 5° 2© a t  l / 8 ° / mi n  to d e l i n e a t e  the (002)  k a o l l n i t e  peak 
( 2 4 . 8 ° 2 g )  from the 004 c h l o r i t e  peak ( 2 5 . 1 ° 2 0 )  ( B i s c a y e ,
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19 64 ) .  The r u l e r  h e l g h t - p e a k  i n t e n s i t i e s  are  measured f o r  
these two peaks and the expanded 0 0 1  s m e c t i t e ,  0 0 1  i l l i t e ,  
and 101 q ua r t z  peaks.  These measurements and sample 
weights form the I n p u t  f o r  a computer program developed to 
c a l c u l a t e  a s e m i - q u a n t i t a t i v e  we i ght  per cent  a n a l y s i s  of  
the sample components.
APPENDIX B
DISCUSSION OF SIGNIFICANT VARIATIONS 
IN THE OUTCROP AND OUTCROP BY FACIES 
INTERACTION ANALYSES
The s i g n i f i c a n t  v a r i a t i o n s  in the outcrop a n a l y s i s  
are g iven 1n the a n a l y s i s  of  v a r i a n c e  t a b l e s  (Tab l e  B l ) .  
S i g n i f i c a n t  v a r i a t i o n s  among outcrops occur in most v a r i ­
ab les ana lyzed but  no t rends could be d i s c e r n e d ,  which,  i f  
encount ered,  may have i n d i c a t e d  a l a t e r a l  ( i . e . ,  down de-  
p o s i t i o n a l  d i p )  change 1 n the d e p o s l t l o n a l  or  post -  
d e p o s i t l o n a l  h i s t o r i e s  o f  the Cow Creek.  I n s t e a d ,  the  
means f o r  a p a r t i c u l a r  v a r i a b l e  a r e  randomly d i s t r i b u t e d .  
E i t h e r  more samples are needed to d e l i n e a t e  t r e n d s ,  or no 
t rends e x i s t  and the means r e p r e s e n t  random v a r i a t i o n s  in 
the abundance of  a v a r i a b l e .
The s i g n i f i c a n t  outcrop by f a c i e s  i n t e r a c t i o n  v a r i a ­
t i o n s  are presented 1n Table B2. Most of  these v a r i a t i o n s  
could be e l i m i n a t e d  wi th  more samples,  or i f  the f a c i e s  
would have been de f i n e d  on p e t r o g r a p h i c  c r i t e r i a  r a t h e r  
than on f i e l d  d e s c r i p t i o n s .  A b r i e f  e x p l a n a t i o n  of  each 
v a r i a t i o n  is given below.
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TABLE B 1 . S i g n i f i c a n t  Outcrop by Facies I n t e r a c t i o n s
Var iables RatiosGrains-Grain Diagenesis Mat r i x -Mat r i x  Diagenesis ' : F
Oysters 2.61* * Calci  te
1 .99* *
Moldic Cavi ty F i l l e d  Grs(P_) 2 . 65* *
NEl - 2 ' Mollusks
Pel 1ets 1 .59* ne3 2.16* * (Mold. Cav. F. ( Ps) + I ndet e r ­
minate Grs) /Mol 1u sks 2 . 0 2 * *
Re x t l . - Inver ted  
Grs. 1,72* NE4-5
1 ,52* Mi c r i t i zed  Grs.
Oysters + Unident i f ied 1.51*
R e x t l I n v . + 
Indetermi nate 
Grs.
1 .65*
Dolomi te
— r'e2 1,83* * Matr ix (NE)/Cement ( HP V ) 5. 50* *
Mi cr i t i zed  Grs.  
(Nd ) 2 . 0 1 * *
Bladed Cement 1 .84** PBO + PBC + PFC 1 .54*
Mi c r i t e  Rims 1 .96** PB4C 4. 27* * PEO^g/ Rex t l . Grs.
*+00
Quartz 1.59* Equant Cement PE3 O 6. 57* *
I ron-Content 2 . 14* * PE4 O 3. 11* *
F pe5 . 6 0 7. 37* *
i
!
PE 5 - e^ m
PE2
pe3
pe4
PE5-6
-
1.83* *  
2. 50* *  
2.18* *
2 . 08* *
2.60* *
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TABLE B2. A n a l y s i s  o f  Var iance Tables
^ s V a r i  abl e Mol lusks (other  
than oysters) Oysters Echi noi ds I n t r a c l a s t s
d . f . Source M.S. F M.S. F M.S. F M.S. F
14 outcrop 240.51 2 . 7 7 * * 617.27 9 . 7 7 * * 19.04 3 . 8 7 * * 3.86 1.61
4 f ac i  es 854.38 9 . 8 6 * * 236.71 3 . 7 5 * * 8.90 1 .81 2.76 1.15
43 outcrop x fac i  es 113.71 1 .31 164.87 2 . 6 1 * * 7.15
1 .45 2.64 1 . 1 0
105 Error 86.69 63.19 4.92 2.39
N\ V a r i a b l e
Source
Pel l e t s Quartz D e t r l t a l  Dolomite
Total  det .  dolo.
Total  c l a s t i c  grs.]
d . f . M.S. F M.S. 1 F
1
M.S. F M.S. F
14 outcrop 2 1 . 6 8 4 . 0 0 * * 594.87 3.44* 41.07 1 .05 0 . 0 1 2.06*
4 fac i es 58.69 10. 82* * 2225.18 12 . 85* * 143.16 3 . 6 7 * * 0.03 4 . 8 6 * *
43 outcrop x f ac i  es 8.60 1 .29 274.36 1 .59* 36.57 0.94 0.007 1 .25
105 Error 5.42 173.13 0. 005
TABLE B2 ( c o n t i n u e d )
able
Source
Total  e l a s t i cs M i c r i t e  Rims Dolomicr i te  Rims M i c r i t e  rimsTotal ,  al lochems Total  AllocFems
d . f . M.S. F M.S. F M.S. F M.S. F
14 outcrop 50.26 0.75 189.63 4 . 6 6 * * 182.95 1 .93* 0.09 1 . 1 0
4 faci  es 85.02 1 .27 151.85 3 . 7 3 * * 313.58 3. 31* 0.03 0.34
43 outcrop x fac i  es 45.63 0 . 6 8 79.80 1 . 9 6 * *
139.71 1 .47 0.06 0.73
105 Error 66.81 40.69 94.86 0.08
\ V a  r i a b 1 e Dolomicr i te  rims M1c.Rims+Dolo.Rms. M i c r i t i z e d  grains M i c r i t i z e d  grains
Total  al lochems Total  al lochems <Nd ) Oysters h Unknowns
d . f . Source M.S. F M.S. F M.S. F M . S . F
14 outcrop 0.06 1 .84* 0.05 1 .28 242.53 5 . 99* * 0 . 1  6 4 . 0 1 * *
4 facies 0.08 2.42 0.23 5 . 68* * 229.05 5 . 66* * 0.1 5 3 . 8 6 * *
43 outcrop x fac i  es 0.04 1 .26 0.06 1 .38 81 .18 2 . 0 1 * * 0.06 1 .51*
105 Error 0.03 0.04 40.48 0 .  04
TABLE B2 { c o n t i n u e d )
^ x V a r l  able 
Source
Mol die Ca v . F i l l ed  
(P9) Grains
(Mold. Cav. F . Grs.+ 
Indeterm.  Grs. )
R e x t l . - I n v t d . Grs. 
( * i )
R e x t l . -  Inver ted + 
Indeterm.  Grs.
d . f . M.S. F M.S. F M.S. F M.S. F
14 outcrop 182.70 3 . 9 9 * * 227.90 3 . 9 7 * * 191.25 2 . 9 2 * * 156.60 2 . 16*
4 faci  es 246.71 5 . 38* * 449.82 7 . 8 4 * * 191.90 ' 2 . 9 3 * * 327.59 4 . 4 9 * *
43 outcrop x fac i  es 64.65 1.41 80.02 1 .40
112.44 1 .72* 120.71 1.65*
105 Error 45.90 57.37 65.57 73.03
^ s V a r i a b l  e Mold.Cav . F i d . Gr s . {fold. Cav.Fill (P$) + 
Indeterm.) /  Mo 1 lusks
M1cr1 te(NE-| ) and 
Fine Micro spar (NEJ
Cse. Microspar-
Mollusks Fine Pseudospar ( NE^)
d . f . Source M.S. F M.S. F M.S. F M.S. F
14 outcrop 0.18 4 . 3 7 * * 0.30 4 . 4 0 * * 253.86 1 . 6 6 901,43 6 . 7 2 * *
4 facies 0.35 8 . 8 5 * * 0.50 7 . 3 9 * * 4291.56 28 . 08* * 1783.80 13 . 31* *
43 outcrop x fac ies 0 . 1 1 2 . 6 4* * 0.14 2 . 0 2 * * 303.46 1 . 99* * 290.12 2 . 1 6 * *
105 Error 0.04 0.07 152.83 134.06
TABLE B2 (con t i nued )
^ s V  a r i a b 1 e Cse. Pseudospar 
(.NE4-5>
Dolomicri  te 
( RE'I)
Fine Dolonicrospar
m 2)
Cse.Oolomicrospar-  
Cse. Dol ospar (RE3 . 5 )
d . f . Source M.S. F M.S. F M.S. F M.S. F
14 outcrop 124.05 2. 30* * 108.39 1 . 1 2 207.64 3 . 10* * 130.48 0.83
4 faci  es 280.36 5. 20* * 431 .67 4 . 46* * 227.78 3 . 40* * 138.51 0 . 8 8
43 outcrop x facies 81.82 1.52* 54.01 0.56 122.53 1 . 83* * 70.31 0.45
105 Error 53.95 96.88 67.08 157.59
x^Var iable
Source
Calc.Matr ix(LNE) Matr ix (ZNE + RE) Fibrous Cement 
(PF2 _4 0; PF2 4 C)
Bladed Cement
( pb2. 4° )Dolo.Matrix(ERE) Cement
d. f . M.S. F M.S. \ F M.S. F M.S. F
14 outcrop 37.36 0 . 6 6 46.37 4 . 92* * 0.14 0.89 6.72 0.82
4 faci  es 96.70 1 .70 94.69 10,04** 0.30 1 .85 12.71 1 .56
43 outcrop x facies 42.66 0.75 51 .87 5 . 50* * 0.23 1 .43 6.67 0.82
105 Error 56.83 9.43 0.16 8.16
TABLE B2 ( c o n t i n u e d )
'N'SssJ(a r i a b 1 e 
Source
Bladed Cement
(pb2 c) pb3c pb4c
l ( p b 2q+pb2c+pf2_4 )
pb3_4c
d . f . M.S. F M.S. F M.S. F M.S. F
14 outcrop 145.28 4 . 3 6 * * 1 1 0 . 2 2 2 . 2 9 * * 1 .18 7 . 0 0 * * 5.43 2 . 1 0 *
4 fac i  es 828.11 24 . 83* * 660.51 13 . 73* * 0.62 3 . 6 6 * * 10.94 4 . 2 4 * *
43 outcrop x f ac ies 61.51 1 . 84* * 69.83 1 .45 0.72 4 . 2 7 * * 3.99 1 .54*
105 Error 33.35 48.11 0.17 2.58
^ S V a r i a b l e Monocrystal  1i ne Equant Cement 
(PE4 O111)
PE5-6 ° m
Optical ly Continuous 
Equant Cement 
(PE3 O)
pe4o
d . f . Source M.S. F M.S. F M.S. F M . S . F
14 outcrop 8.27 2 . 7 4 * * 6 . * 2 2 . 2 1 * * 65.13 19 . 36* * 26.06 4 . 5 5 * *
4 facies 9.13 3 . 0 3 * * 39.23 13. 52* * 40.75 1 2 . 1 1 * * 72.23 12 . 62* *
43 outcrop x f ac i  es 3.56 1 .18 5.31 1 . 83** 2 2 . 1 1 6 . 57* * 17 .80 3 . 1 1 * *
105 Error 3.01 2.90 3.36 5.73
TABLE B2 ( c o n t i n u e d )
^ s V a r i  able
PE5-6 0
Random Equant 
Cement (PEg) PE3 PE4
d . f . Source M.S. F M.S. F M.S. F M.S. F
14 outcrop 19.01 11 . 82* * 242.74 4 . 5 7 * * 702.83 5 . 4 1* * 452.51 6 . 6 7 * *
4 faci  es 23.07 14 . 34* * 78.28 1.47 2617.51 20 . 15 * * 897.01 13 . 21* *
43 outcrop x f ac i  es 11 .85 7 . 3 7 * * 132.75 2 . 5 0 * * 282.99 2 . 1 8 * * 141.17 2 . 0 8 * *
105 Error 1.61 53.17 129.87 67.89
'NsvNVari  abl e PEr ^ PE2- 3°  + PE2-3 A11ochems
I { PE + PEO+PE 0m ) 2  _ 6
5-6 e ( pe* peo+p e o j 4_6 £(PF+PBQ+PBC) 2 _ 4 Z(PF+PB0+PBC) 2 _ 4
d. f . Source M.S. F M.S. F M.S. F M.S. F
14 outcrop 8 . 2 1 4 . 7 5 * * 59. 4b 1 .62 323.48 0 . 8 8 188.16 1 .93*
4 facies 10,96 6 . 3 5 * * 53.66 1 .46 1132.25 3 . 07* 235.15 2.48*
43 outcrop x facies 4.50 2 . 6 1 * * 44.34 1 . 2 1 323.77 0 . 8 8 143.92 1 .48
105 Error 1 .73 36.66 369.08 97 .31
TABLE B2 ( c o n t i n u e d )
a r i a b 1 e 
Source
< « 0 ) j _ # Z elastics w/PF or PB Iron content  of  Allochems-Cements
P a r t i a l l y  Dolomi-  
t i zed  GrainsRextl .-Inv . Grs.tN^) z e l a s t i c s
d . f . M.S. F M.S. F M.S. F M.S. F
14 outcrop 7.08 11. 06* * 5.55 1 . 6 8 8.97 4 . 8 1 * * 124.86 3 . 0 2 * *
4 f ac i  es 15.06 23 . 53 * * 22.40 6 . 7 8 * * 16.02 8 . 5 8 * * 21.62 0.52
43 outcrop x f ac i  es 7.60 11 . 87* * 3.39 1 . 0 2 4.00 2 . 1 4 * * 43.62 1.05
105 Error 0.64 3.31 1 . 8 6 41 .42
Part .  Pol .  Grs.  
Oysters + Unident. 
______________ Grs.
Vari  a b1e
Source
outcrop 0.26 4 . 0 0 * *
f a c i e s 0 . 0 2 0.34
outcrop x 
fac ies 0.08 1.28
105 Error 0.07
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Se di me nt o l oq i c a l  V a r i a b l e s
Oyster  f r a g m e n t s - - a n  a p p a r e n t l y  random d i s t r i b u t i o n  
throughout  the  Cow Creek l i t h o f a c l e s .
P e l l e t s - - t h e  v a r i a t i o n  in  p e l l e t  c o n c e n t r a t i o n  is 
between the lagoonal  nodules and o t h e r  u n i t s  and would 
probably be e l i m i n a t e d  i f  these two f a c i e s  would have been 
more p r o p e r l y  d e f i n e d  and more samples of  the nodules would 
have been c o l l e c t e d .
Qua r t z - - mo s t  q u a r t z  occurs in the lagoonal  and shoal  
u n i t s  and the l e a s t  q ua r t z  1 s pr esent  1 n the upper o f f s h o r e -  
f o r es hor e  i n t e r v a l s .  Host v a r i a t i o n  e x i s t s  between the  
s h o a l - 1 agoona1 beds because these ar e  a r b i t r a r i l y  de f i ned  
on a d i f f e r e n c e  i n  bedding t h i c k n e s s .  They a r e  g r a d a t i o n a l  
p e t r o g r a p h i c a l l y  and the shoal  u n i t  is o f t e n  composed o f  
q u a r t z - f r e e  l ime g r a i n s t o n e s ,  which are I n v a r i a b l y  absent  
in the l agoonal  sequence;  t hus ,  the shoal  may con t a i n  l i t t l e  
or  no q u a r t z ,  i f  composed of  g r a i n s t o n e ,  or  be quar t z  r i c h ,  
i f  composed of  l i me  packstones (see p. 2 4 ) .
D i a g e n e t i c  V a r i a b l e s
Cement Types and Cement R a t i o s . - - I t  is f e l t  t h a t  
most of  these v a r i a t i o n s  occur  because o f  the v a r i a t i o n  in 
the pore s i z e  o f  the sediment ,  which was not recorded 1 n 
the a n a l y s i s  ( f o r  example,  a .25 mm equant  cement [PE^]  
can onl y  be p r e c i p i t a t e d  1n a pore .25 mm or  l a r g e r ) .  I t  
should be noted t h a t  most of  the v a r i a t i o n s  f o r  cement s i ze
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groups d i sappear  when one group is p r opo r t i on e d  to anot her  
(see p. I l l  f o r  d i s c u s s i o n ) .  Two o t he r  f a c t o r s  a l so  i n ­
f l u e n c e  the abundance and s i z e  o f  the cement types:  
a)  whether  packstones or packstones a nd gr a i n s t o ne s  make 
up the shoal  u n i t ;  b) exper i ment a l  e r r o r  in i d e n t i f y i n g  
r e c r y s t a l l i z e d  m a t r i x  as cement and r e c r y s t a l l i z e d  cement  
as r e c r y s t a l  1 i zed m a t r i x  (Appendix D4) .
M a t r i x - M a t r l x  R a t i o s . - - T h e  var i ous  s i ze s  of  r e ­
c r y s t a l l i z e d  m a t r i x  vary from f a c i e s  to f a c i e s  because o f :  
a)  exper i ment a l  e r r o r  (see cements above) ;  b) presence of  
g r a i n s t o n e s  in the shoal  beds,  and packstones in  the upper  
o f f s h o r e  u n i t ;  c)  randomness 1 n r e s u l t a n t  s i z e  of  r e c r y s ­
t a l l i z e d  m a t r i x  ( 1 t  was more I mpor t a n t  1 n t h i s  study to 
det er mi ne  where most r e c r y s t a l  1 i z a t i o n  took place r a t h e r  
than what  the r e s u l t a n t  c r y s t a l  s i z e s  we r e ) .
Re c r y s t a l  1 i z e d - I n v e r t e d  G r a i n s ,  M i c r i t i z e d  G r a i n s . - -  
A po s s i b l e  reason f o r  the v a r i a t i o n s  In these two d l a g e -  
n e t i c  m o d i f i c a t i o n s  o r i g i n a t e  because the abs o l u t e  number 
of  mol lusks and o y s t e r s  counted 1 n each f a c i e s  i s  not  con­
s i s t e n t .  Goth o f  t hese  v a r i a t i o n s  ar e  in  p a r t  a l so  a r e ­
s u l t  o f  c a l i c h l f I c a t l o n  or the presence o f  s u p r a t i d a l  s e ­
quence a t  the beach top (as I s  m i c r i t i z e d  g r a i n s / ( o y s t e r s  + 
u n i d e n t i f i e d  g r a i n s ) .
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M i c r i t e  Rims. - - T h e  ira 1 n reason f o r  v a r i a t i o n  here is 
t h a t  the recorded number of  m i c r i t e  r ims does not a c c u r a t e l y  
d e s c r i b e  the a c t u a l  number of  m i c r i t e  rims t h a t  developed.  
This is because many rims were d o l o m i t i z e d ;  m i c r i t e  r ims 
and d o l o m i c r i t e  r ims do not show outcrop by f a c i e s  v a r i a ­
t i o n .
Moldlc  c a v i t y  f i l l e d  g r a i n s / M o l 1u s k s . - - V a r i a t i o n s  
a r i s e  here because o f :  a)  the presence o f  a c a l i c h e  or
s u p r a t l d a l  sequence a t  the beach t op ,  b) e x t e n s i v e  l e a c h ­
ing and c o l l a p s e  of  the beach sequence a t  outcrops 13 
through 16,  and c)  dolom1 t 1 z a t 1 on,  or  absence o f  d o l o m i t e ,  
in the shoal  u n i t .
APPENDIX C
CLAY MINERALOGY OF THE HAMMETT SHALES 
AND CARBONATES
Genera 1
The c l a y  s u i t e  1n the Hammett l i mest one  and dol omi te  
u n i t s  ( Fa c i e s  I V)  and u n d e r l y i n g  c l ays t one- mudst one  I n t e r ­
val  ( F ac i e s  I I I )  1s p r edomi nant l y  composed o f  i l l  11 e ; kao-  
l i n l t e  and c h l o r i t e  occur In l e s s e r  amounts but  1 n const ant  
pr o po r t i on s  to one anot her  (F1g.  C l ) .  The q u a r t z  cont en t  
ranges from 8 % to 2 2 % in the carbonates  and c l a y s t o n e  ex­
cept  1 n the uppermost  and lowermost  beds (near  the con t a c t s  
wi th the Sycamore Conglomerate and Cow Creek Limestone,  
r e s p e c t i v e l y )  where 1t  1s somewhat h i gher .  S me c t i t e ,  a l ­
though abundant  1n the t ime e q u i v a l e n t  Hensel  a l l u v i a l  red 
mudstone,  1 s I n v a r i a b l y  absent  from these two o f f s h o r e  
mar ine d e p o s i t s .
Figures C2 and C3 I n d i c a t e  t h a t  Hammett l imestones  
c o n t a i n  I n t e r m e d i a t e  percentages o f  1 1 1 1 t e  and c h l o r i t e ;  
do l omi t e  samples,  on the o t he r  hand,  c o n t a i n  e i t h e r  high  
or low percentages o f  c h l o r i t e  and l l l l t e ,  but  t h i s  r e l a ­
t i o n s h i p  i s  not  as c l e a r  as f o r  the l i mes t ones .  I f  these  
v a r i a t i o n s  were due to exper i ment a l  e r r o r  1 t  does not seem 
l i k e l y  t h a t  a l l  the l imest ones  would c l u s t e r  in the cente r s  
of  the graphs.
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Figure Cl .  Plot of  c h i o r i t e - d o l o m i t e - i 11i t e  in Hammett Shale dolomite and l imestone.
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Di scuss ion
The i 111t e - c h l o r  1t e - k a o l 1n i t e  s u i t e  of  the Hammett  
shales and carbonates  a l so  c h a r a c t e r i z e s  both Recent  and 
a n c i e n t  marine sediments {as r e por t e d  by innumerable work­
ers in  Gr im,  19 6 8 ) .  S me c t i t e ,  forming on the a r i d  Hensel  
a l l u v i a l  p l a i n  ( Al exander  and o t h e r s ,  1939)  dur i ng  the de ­
p o s i t i o n  of  these  sediments,  1 s probably absent  as a r e s u l t  
of  convers ion to 1 1 1 1 t e  and c h l o r i t e  upon i t s  t r a n s p o r t a ­
t i o n  i n t o  the mar ine envi ronment  (Gr im,  19 6 8 ) .  K a o l i n i t e ,  
al though pr esent  1 n smal l  amounts,  1 s s t i l l  on the average  
more abundant  i n  the mar ine Hammett shales and carbonates  
than i t  1s in the a l l u v i a l  p l a i n  mudstone f a c i e s  ( X I I I )  
(compare F i g .  Cl to Table  1 ) ;  t hus ,  k a o l i n i t e  was a l t e r e d  
or dest royed dur ing s u b a e r i a l  w e a t h e r i n g ,  or  formed d i a -  
g e n e t i c a l l y  In the mar ine sediments ,  r a t h e r  than being con­
ver t ed  to 1 1 1 1 t e  and c h l o r i t e  1 n the mar ine envi ronment  as 
suggested by Grim and others  ( 1 9 4 9 ) .  The f a c t  t h a t  the  
Hammett s h a l e s ,  l i m e s t o n e s ,  and do l omi tes  c on t a i n  the same 
c l a y s ,  in a pp r o x i ma t e l y  the same amounts,  denotes t h a t  c l a y  
d i a ge ne s l s  was e s s e n t i a l l y  uni form t hroughout  these t h r e e  
l l t h o l o g i e s .  However,  an e x p l a n a t i o n  f o r  the l l l l t e -  
c h l o r  1t e - c a r b o n a t e  r e l a t i o n s h i p s  p l o t t e d  1n Figures C2 and 
C3 c omp l e t e l y  eludes the a u t h o r .
The h i gher  percentage o f  qua r t z  1n the Hammett u n i t s  
I mmedia te l y  s u p e r j a c e n t  and sub j acent  to the Sycamore con­
glomerate  and Cow Creek Limestone is  presumably the r e s u l t
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of  the more s e l e c t i v e  s o r t i n g  processes which operated in  
the s h a l l o w e r ,  near s t r a n d l i n e  envi ronments in which these  
beds were de pos i t e d .
APPENDIX D
OTHER DIAGENETIC ASPECTS OF THE 
COW CREEK LIMESTONE
D1 . L i t h 1 f 1 ca t  1 on o f  the
Nodules and Nodu 1 a r  B e cTs
Nodules and nodular  beds c o n t r a s t  markedly wi t h  
t h e i r  enc l os i ng  rocks in g r a i n  and m a t r i x  cont en t  and d 1 a-  
ge n e t i c  m o d i f i c a t i o n  (see t e x t  Tables 3,  4 ,  5,  6 ) .  By f a r ,  
t h e i r  most d i s t i n c t  p e t r o g r a p h i c  c h a r a c t e r i s t i c  is the  
presence of  abundant ,  l a r g e  qua r t z  f r e e  microspar  p e l l e t s  
( F i g .  D1 — A) ;  they a l so c o n t a i n  fewer  q u a r t z  and a l l o c h e m i -  
cal  g r a i n s  than do the ma t r i x  rocks (F1g.  D l - B ) .  The d e ­
t a i l e d  f i e l d  c h a r a c t e r i s t i c s  and I n t e r p r e t a t i o n s  of  these  
two u n i t s  are g iven  on p. 28.
Pe t r og r a ph i c  exami nat i on  of  the nodules r e p r e s e n t i ng  
burrow f i l l s  (see p. 30)  r e v e a l s  t h a t  d e t r i t u s  r i c h  m i c r o ­
spar  separa t es  the p e l l e t s  1 n the d i f f u s e ,  p e r i p h e r a l  zone 
of  a nodule ( F1 g . D l - C ) .  Inward toward the c e n t e r  of  a 
burrow f i l l ,  the I n t e r p e l l e t  area co n t a i ns  on l y  a few 
qua r t z  g r a i n s  which f l o a t  1 n a mi crospar -pseudospar  ma t r i x  
( F i g .  D l - D ) ;  p e l l e t s  a r e  more t i g h t l y  packed inward from 
the margi ns .  In nodules o t h e r  than burrow f i l l s ,  I nc luded  
she l l  m a t e r i a l  i s  angu l ar  and poor l y  s o r t e d ;  both of  these  
t e x t u r e s  are the r e s u l t  of  in s i t u  s h e l l  accumul a t i on ,
F i g u r e  D1. Cow Creek p o t p o u r r i
A. Large (2 mm) q u a r t z  f r e e  f e c a l  p e l l e t s  r e c r y s t a l ­
l i z e d  to mi crospar  1 n f o s s 1 1 1 f erous qua r t z  r i c h  
( v . f . - f . g r . )  mi crospar  m a t r i x .  Photo of  c o n t a c t  
of  nodule w i t h  m a t r i x .
B. Fossi  1 1f erous q u a r t z - r i c h  mi crospar  ma t r i x  which 
encases p e l l e t e d  nodules of  burrowing o r i g i n .
C. Contact  of  p e l l e t e d  nodule ( l e f t )  w i t h  arenaceous  
m a t r i x  ( r i g h t ) ;  note mixing o f  m a t r 1 x - p e l  1 ets  1 n 
middle  and complete absence o f  m a t r i x  and quar t z  
on l e f t .
0.  Large mi crospar  p e l l e t s  1n arenaceous microspar  
m a t r i x .
E-F.  Ce n t r a l  l i n e  of  c r y s t a l  j u n c t u r e  1n g r a i ns  which 
d i s p l a y  r e l i c t  u l t r a s t r u c t u r e  ( E) or are composed 
of  c l e a r  c a l c i t e  which,  f o r  a l l  appearances ,  i s  a 
moldlc c a v i t y  f i l l  ( F ) .
G. Large equant  cement ( PE i . gO)  In o p t i c a l  c o n t i n u i t y  
w i t h  r e c r y s t a 1 1 f zed mol lusk f ragments;  cement is
H. R e c r y s t a l l i z e d  o p t i c a l l y  cont inuous cement (PEgO) 
enc l os i ng  a remnant  patch of  bladed f i r s t  gener a ­
t i o n  cement ( c e n t e r ) .  This I n d i c a t e s  r e c r y s t a l ­
l i z a t i o n  of  g r a 1 ns and cement took place a f t e r  
I n i t i a l  c e m e n t a t i o n .
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f o l l o we d  by breakage and r e d i s t r i b u t i o n  by burrowing o r g a ­
nisms ( S t a n t on  and Warme, 1 9 7 1 ) .
Nodular  u n i t s  have the l owest  l e a s t  square means of
any o f  the p o i n t  counted u n i t s  f o r  the g r a i n  d i a g e n e t i c
m o d i f i c a t i o n s  l i s t e d  below:
M i c r i t i z e d  g r a 1n s / ( o y s t e r s  + unknowns)
Moldlc  c a v i t y  f i l l e d  g r a l n s / M o l l u s k s  ( a l s o  h i ghest  
i n v e r t e d  g r a i n s  and i n v e r t e d  g r a 1n s / M o l 1usks 
Moldlc  c a v i t y  f i l l e d  g r a i n s  + 1n d e t e r m l n a t e s / M o l 1 usks 
( a l s o  h i g h e s t  [ I n v e r t e d  g r a i ns  + I n d e t e r m l n a t e s ] /
Mo l l usks )
M i c r i t e  E n v e l o p e s - M l c r l t e  E n v e l o p e s / A l 1ochems 
D o l o m i c r i t e  E n v e l o p e s / A l 1ochems
M i c r i t e  Envelopes + D o l o m i c r i t e  E n v e l o p e s / A l 1ochems 
Dolom1t1zed A11ochems-Doloml t1zed A11ochems/ ( Oysters + 
Unknowns)
The m a t r i x  1_n the nodules 1s a l s o  un i que l y  d i s s i m i ­
l a r  to the m a t r i x  o f  o t h e r  u n i t s  1 n t h a t  1 t  1 s composed 
almost  s o l e l y  o f  coarse mi crospar  and pseudospar (NE3 ; 
. 0 1 6 - . 1 6 4  mm) w i t h  l e s s e r  amounts of  very coarse pseudo­
spar  (NE^ g*. . 0 6 4 - 1 . 0  mm); much o f  t h i s  1s 1n o p t i c a l  con­
t i n u i t y  w i t h  r e c r y s t a 111zed mol lusk  f r agment s .  Even though 
the surrounding m a t r i x  may be c o mpl e t e l y  d o l o m i t l z e d ,  t h i s  
a l t e r a t i o n  never  a f f e c t e d  the nodules to any g r e a t  degree;  
d o l omi t e  con t e n t  In o t h e r  r e s t r i c t e d  lagoon beds and 1 n 
the shoal u n i t  I s ,  a t  the l e a s t ,  t h r e e  t imes g r e a t e r  than  
1n the nodules.  Fur t hermore ,  l i t t l e  1f  any r e c o g n i z a b l e  
cement 1 s present  1 n the nodules and nodul ar  beds.
The p e l l e t e d  nodules and nodular  beds are hypothe­
s i zed  to have o r i g i n a t e d  through the processes of  burrowing  
and c u r r e n t  r e d i s t r i b u t i o n  of  burrowed sediments ,
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r e s p e c t i v e l y  (p.  3 3 ) ,  because they (nodul es )  a r e  branched
and both c o n t a i n  abundant  p e l l e t s  and l ess  d e t r i t u s  than  
do the surrounding beds.  Burrowing organisms populated  
the sediment  dur ing slow r a t e s  of  d e p o s i t i o n  in an e n v i r o n ­
ment where c u r r e n t s  were weak enough to a l l ow carbonate  
muds to accumul a t e ,  but  were p e r i o d i c a l l y  st rong enough to  
br ing 1n f i n e - g r a i n e d  t e r r i g e n o u s  sands.  This e x p l a n a t i o n  
accounts f o r  d i s t r i b u t i o n ,  compos i t i on ,  and t e x t u r a l  a s ­
pects o f  the nodules and nodular  beds,  but  does not  answer  
the que s t i on  of  why they are so d i a g e n e t l c a l l y  d i s t i n c t i v e .
Fecal  p e l l e t s  found 1n r e c e n t  carbonat e  envi ronments  
c o n s i s t  o f  i ngest ed  m a t e r i a l  bound t o g e t h e r  by an organic  
mucous ( Kendal l  and Sk1pw1th,  1969;  T r l c h e t ,  1 96 7 ) .  11 1 ing
( 1954)  was one of  the f i r s t  workers to note t h e i r  p r o f us i on  
1n sha l l ow,  low energy carbonat e  env i ronments .  Under e x ­
t remely  low energy c o n d i t i o n s ,  and where scavengers are  
sc ar ce ,  p e l l e t s  become semi - 1 1 t h 1 f 1 ed on or s l i g h t l y  below 
the sea bottom ( K o r n i c k e r  and Purdy,  19 5 7 ) .  The exact  
mechanism by which t h i s  1 1 t h 1 f 1 c a t l o n  takes p l ace  is  not  
known, but  1 t  1 s thought  to I n v o l v e  a b a c t e r i a l  p r e c i p i t a ­
t i o n  o f  a r a g o n i t e  ( 1 1 1 1 ng, 1954;  Kor n i cker  and Purdy,
1957)  or  be r e l a t e d  1n some o t h e r  way to the organic  con­
t e n t  of  the p e l l e t s .  T r l c h e t  ( 1967)  concluded t h a t  p r e ­
c i p i t a t i o n  or  a r a g o n i t e  In p e l l e t s  r e s u l t s  from super ­
s a t u r a t e d  c o n d i t i o n s  caused by: 1 ) phys 1 ochem1 ca 1 r e a c ­
t i o n s  wi t h  I nc luded monosacchar ides and uronl c  a c i d s ,  or
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2 ) b a c t e r i o l o g i c a l  d e s t r u c t i o n  o f  o r g a n t c - c a l d u m  complexes,  
which causes the r e l e a s e  of  excess ca l c i um and br i ngs  about  
s u pe r s a t u r a t e d  c o n d i t i o n s .  In any e v en t ,  d i m i n u t i v e  r e -  
c r y s t a l l i z a t i o n  { m i c r 1 t i z a t l o n )  accompanies t h i s  cementa­
t i o n ,  r e s u l t i n g  in the loss of  any I n t e r n a l  p e l l e t  s t r u c ­
t u r e  {Newel l  and Rigby,  1957 ) .
I t  has a l r e a d y  been noted (p .  30)  t h a t  d i f f e r e n t i a l
compact ion took p lace  over  the nodules.  Moreover ,  a t  one 
out c r o p ,  the tubes of  s e r p u l l d  worms (which encrust  s o l i d  
s u b s t r a t e s )  were found on the sur f a ce  of  a nodule ,  suggest ­
ing t h a t  the nodules may have hardened w h i l e  exposed on 
the sea f l o o r ;  however ,  the few worm tubes on t h i s  one 
nodule may a lso be I n t e r p r e t e d  as pure c o i nc i de nc e .
On the f o r ego i ng  bases,  1t  i s  r easonabl e  to suggest  
here t h a t  the nodular  u n i t s  became semi - 1 1 t h l f 1 ed wh i l e  
s t i l l  in c l os e  p r o x i m i t y  to the mar ine se d i me n t - wa t e r  i n t e r ­
f a c e .  P e l l e t s ,  a long wi t h  the b l o t u r b a t e d  s h e l l y ,  sandy 
muds enc l os i ng  them, cont a i ned abundant  o r gan i c  m a t t e r .
These o r g a n l c s ,  or t h e i r  b a c t e r i o l o g i c a l  d e s t r u c t i o n ,  
I n i t i a t e d  the p r e c i p i t a t i o n  o f  a r a g o n i t e  w i t h i n  the nodules  
or beds ( B e r n e r ,  19 6 8 ) .  Sometimes these o r i g i n a l  nuc lea-  
t i o n  ( p r e c i p i t a t i o n )  c e n t e r s  cont inued to grow outward by 
f u r t h e r  cement a t ion  o f  the surrounding sediments which con­
t a i n e d  somewhat l ess  abundant ,  d issemi nated  o r g a n l c s .
This type and t ime o f  11 t h 1f 1c a 1 1 on not  onl y  ex ­
p l a i n s  the sometimes d i f f u s e  and I r r e g u l a r  n a t u r e  of  the
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cont ac t s  w i t h  the surrounding m a t r i x ,  but  a l so the d i f f e r ­
e n t i a l  compact ion f e a t u r e s ,  and the o r i g i n  o f  the l a r g e  
"cannonbal l "  c o n c r e t i o n s ,  which are thought  to r e p r e s e n t  
d i a g e n e t i c a l l y  en l arged burrows or sediment  volcanoes  
(Sh inn,  1968 ) .  Stanton and Warme (1971)  and St an l ey  and 
others  ( 1967 )  suggest  a s i m i l a r  o r i g i n  f o r  nodules and 
co n c r e t i o n s  1n the Cretaceous and Miocene,  r e s p e c t i v e l y .
E a r l y  cement a t i on  undoubtedly r e s u l t e d  In the loss  
of  some p o r o s i t y  and p e r m e a b i l i t y  and must have sealed o f f  
the nodules from dolom1 t 1 z 1 ng f l u i d s  which permeated 
through the surrounding beds ( Sh i nn ,  1968,  notes t h a t  
e a r l y  11t h 1f 1cat1on I n h i b i t s  d o l om1 t i z a t 1 o n  In Recent  
s u p r a t l d a l  se d i ment s ) .  Dolom1t1zat1on appears to have 
taken place a f t e r  the ma t r i x  1 n the nodules r e c r y s t a l  1 1  zed 
to mi crospar  and pseudospar as wi tnessed by the minor r e ­
placement  of  some mi crospar  and pseudospar c r y s t a l s .  
P r e f e r e n t i a l  do l omi 1 1z a t 1 on of  c e r t a i n  lagoonal  sequences 
was brought  about  through the growth of  d l a g e n e t l c  do l omi t e  
on d e t r l t a l  d o l omi t e  seeds ( p . 101; a l so  U n d h o l m ,  1969 ) .
This a l t e r a t i o n  process and I t s  locus of  o p e r a t i o n  
are  cons i dered 1n the c o n s t r u c t i o n  o f  the Cow Creek d l a ­
ge n e t l c  model .
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D2. Gra in  Polom1t1zat1on (R^E)
General
The two predominant  a l lochem types of  the Cow Creek  
Limestone and Hammett Shale a r e  oys te r s  and o t h e r  u n i d e n t i ­
f i e d  mol lusk f ragment s .  Oysters were I n i t i a l l y  composed 
of  p r i m a r i l y  low Mg c a l c l t e ,  as are Recent  o y s t e r s ,  and 
o t h e r  mol lusks of  a r a g o n i t e ,  as 1 s e v i d e n t  by t h e i r  s e l e c ­
t i v e  r e c r y s t a 1 1 1 z a t i o n  or r e p r e s e n t a t i o n  by spar f i l l e d  
d i s s o l u t i o n  molds.  The f e c a l  p e l l e t s  o f  the r e s t r i c t e d  
l agoonal  f a c i e s  are presumed to have been composed o f  a r a ­
g o n i t e ;  ec h l no l d  ske l e t ons  c o n s i s t e d  o f  high Mg c a l c l t e .
Of these t h r e e  car bonat e  t y p e s ,  only  low Mg c a l c i t e  is  
s t a b l e  under s u r f a c e ,  f r e s h  water  c o n d i t i o n s  (Chave,  1962;  
Fr iedman,  1964;  Land,  19 67 ) .
P a r t i a l  do l omi t e  r epl acement  of  al lochems in these  
rocks is common but 1 s a p p a r e n t l y  q u i t e  p r e f e r e n t i a l .  
Oysters and ech l n o l d s  a r e  s e l e c t i v e l y  r e p l a c e d;  onl y  r a r e l y  
ar e  o r i g i n a l  a r a g o n l t l c  g r a i n s  r e p l a c e d ,  except  where the  
d o l o m i 1 1 z a 1 1 on o f  a bed or  p a r t  of  the sequence has gone 
to c ompl e t i on .  Dolomi te  may r e p l a c e  o y s t e r  f ragments 1 n
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t h r e e  d i f f e r e n t  ways: 1 ) p e r i p h e r a l l y ;  2 ) as very t h i n ,
d i s t i n c t  repl acement  zones p a r a l l e l i n g  the f o l i a t e d  she l l  
s t r u c t u r e ,  and 3)  randomly.  Dolomi te  replacement  c r y s t a l s  
a r e  a p p r o x i m a t e l y  t he  same si zes o r  s l i g h t l y  s m a l l e r  t han  
those cont a i ned w i t h i n  the m a t r i x ,  i f  any is p r e s e n t .
The s e l e c t i v e  dolom111za1 1 on of  only  c e r t a i n  gra i ns  
is i n f l ue nc e d  by many f a c t o r s ,  among these being the i n i ­
t i a l  g r a i n  mi n e r a l og y .  Schroeder  and ot her s  ( 1969)  r e p o r t  
pr o t o d o l o mi t e  forming 1n Recent  e c h l n o l d s ,  and Land and 
Epst e i n  (1970)  r e p o r t  s e l e c t i v e  dolom111z a 1 1 on of  o r i g i n a l  
high Mg c a l d t e  red a l gae  from the P l e i s t o c e n e  o f  Jamaica.  
Graf  and Goldsmi th ( 1956)  suggest  t h a t  do l omi te  shoudl  form 
more e a s i l y  on high or  low Mg c a l d t e  (versus a r a g o n i t e )  
because the c r y s t a l  s t r u c t u r e  of  d o l omi t e  1 s a l r e a d y  p r e s ­
e n t .  However,  because of  the known I n s t a b i l i t y  of  a r a g o ­
n i t e  and high Mg c a l d t e  o u t s i d e  the marine env i ronment ,  
S t e h l 1 and Hower ( 1 9 61 )  submi t  t h a t  e i t h e r  o f  these m i n e r ­
a ls  could be p r e f e r e n t i a l l y  d o l o m i t l z e d  over  the more 
s t a b l e  low Mg c a l d t e .
The c r y s t a l  s i z e s  and f a b r i c s  of  a g r a i n  I n f l u e n c e  
the 1 n t r a g r a n u l a r  p o r o s i t y  and p e r m e a b i l i t y ,  and these in  
t u r n  I n f l u e n c e  the f l ow r a t e s  and pathways o f  f l u i d  move­
ments,  and Ion d i f f u s i o n  I n t o  and out  of  a g r a i n .  The 
type and d i s t r i b u t i o n  o f  o r gan i c  m a t t e r ,  along w i t h  I t s  
va r y i ng  r a t e s  of  decomposi t ion may a lso play a r o l e  in the 
s e l e c t i v e  do l om1t 1zat1on of  g r a i n s .  Numerous resear cher s
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of  the Recent  s u p r a t l d a l  areas have noted t h a t  p e l l e t s  and 
b i o c l a s t s  w i t h s t a n d  d o l o m i t 1zat1on ( D e f f e y e s  and o t h e r s ,  
1965;  I l l i n g  and o t h e r s ,  1965)  as opposed to a r a g o n i t e
muds; s h e l l s  are a p p a r e n t l y  the most r e s i s t a n t  of  the 
t h r e e .
D i s t r i b u t i o n  of  Do l o mi t l z e d  Grains
Gra in  replacement  by d o l omi t e  1s f a i r l y  homogeneous 
t hroughout  a l l  f a c i e s ,  but  s l i g h t l y  more g r a i n s  are  d o l o -  
m i t i z e d  1 n the upper o f f s h o r e - f o r e s h o r e  sequence than in  
the sub j acent  u n i t s .  Fur t hermore ,  s l i g h t l y  l ess oys te r s  
and u n i d e n t i f i e d  g r a i ns  were re p l a ce d  in the shoal  f a c i e s  
than in any o t h e r ,  whereas more were r ep l aced  in the 
nodular  beds and nodules.
I n t e r p r e t a t i o n  o f  D o l o m i t l z e d  
t i ra ln D i s t r i b u t i o n
Gra in  d o l om1 t 1 z a t i o n  d i s p l a y s  the l e a s t  v a r i a t i o n  
of  any d l a g e n e t i c  m o d i f i c a t i o n  t hroughout  the f a c i e s  of  
the Cow Creek Limestone;  i t  1s t h e r e f o r e  considered to be 
the l e a s t  I mpor t an t  f o r  d i s c e r n i n g  f a c i e s  s p e c i f i c  d i a g e -  
n e t l c  env i r onment s ,  or  d i f f e r e n c e s  in  the e a r l y  pa l eo-  
hy d r o l og i c  f ramework.  Even though t h i s  m o d i f i c a t i o n  is  
r e s t r i c t e d  most l y  to the o r i g i n a l l y  low Mg c a l d t e  g r a i n s .  
P e l l e t s  in the Cow Creek Limestone perhaps r e s i s t e d  d o l o -  
m i t l z a t i o n  because o f  high or gan i c  con t e n t  and e a r l y  1 1 1 h 1 - 
f i c a t i o n  ( T r i c h e t ,  19 6 7 ) .  A r a g on i t e  b i o c l a s t s  are
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presumed to have gone u n a f f e c t e d  because they had very  
dense,  homogeneous or  nacreous s he l l  s t r u c t u r e s ;  o y s t e r s  
wi t h  t h e i r  sometimes l ess  compact f o l i a t e d  s he l l  s t r u c t u r e  
and c a l c i t e  composi t ion were more s u s c e p t i b l e .
Whether these data i n d i c a t e  a p r e f e r e n t i a l  r e p l a c e ­
ment of  low Mg c a l c i t e  b e f o r e  the a r a g o n i t e  g r a i ns  s t a b i ­
l i z e d ,  or  whether  i t  r e f l e c t s  a p r e f e r e n t i a l  replacement  
of  o r i g i n a l  low Mg c a l d t e  over  c a l c i t e  formed through neo­
morphism,  1s u n c e r t a i n .  I f  the former  was t r u e ,  g r a i n  
d o l o m i t i z a t i o n  would n e c e s s a r i l y  be e a r l y ;  a j  such,  v a r i a ­
t i on s  between f a c i e s  would be expected because the Cow 
Creek f a c i e s  do show d i f f e r e n c e s  1n g r a i n  envelope and 
ma t r i x  d o l o m i t i z a t i o n .  Thus,  the homogeneous d i s t r i b u t i o n  
of  d o l o m i t l z e d  o ys t e r s  (and unknowns) most l i k e l y  i s  a r e ­
s u l t  of  p r e f e r e n t i a l  repl acement  f o r  o r i g i n a l  low Mg c a l ­
c i t e  in  a h y d r o l o g i c  s e t t i n g  t h a t  developed a f t e r  the ma­
j o r i t y  o f  o t h e r  d l a g e n e t l c  m o d i f i c a t i o n s  were imposed on 
the Cow Creek L imestone.
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D3. The I r r e g u l a r ,  Medial  C r y s t a l  Junct ure  L1ne- -  
A Method f o r  I d e n t l f y T n g  R e c r y s t a l l i z e d  
Mol lusk Fragments
Except ing r e l i c t  s t r u c t u r e  and broken m i c r i t e  enve­
l o p e s ,  F o l k ' s  ( 1965 )  and B a t h u r s t ' s  ( 1 9 5 8 ,  1964)  c r i t e r i a  
f o r  d i s t i n g u i s h i n g  r e c r y s t a l l i z e d  from cement f a b r i c s  are  
of  l i m i t e d  use when d e a l i n g  wi t h  a l t e r e d  mol lusk f ragments ,  
p a r t i c u l a r l y  those which are composed o f  l a r g e ,  equant  or  
p r i s m a t i c  c r y s t a l s .  Wi t h i n  an i n d i v i d u a l  s h e l l ,  s t r a i g h t  
sided c r y s t a l s  may be as common as ones wi t h  s e r r a t e  edges 
and the e n f a c i a l  j u n c t i o n s  ( B a t h u r s t ,  1964)  are sometimes 
as common as t r i p l e  c r y s t a l  j u n c t u r e s  In s h e l l s  d i s p l a y i n g  
r e l i c t  s t r u c t u r e .  Grains wi t h  an I n n e r  bladed f r i n g e ,  
f o l l owed  by a coarsening Inward macosalc o f  equant  c r y s t a l s  
(druse of B a t h u r s t ,  1 9 5 8 ) ,  are  o f t e n  encountered.  Moreover ,  
c a l c i t e  p r e c i p i t a t e d  l o c a l l y  from s o l u t i o n s  c a r r y i n g  the  
e x t r a  ca r bonat e  produced by a r a g o n i t e  I n v e r s i o n  may c o n t a i n  
I m p u r i t i e s  exsolved from the I n v e r t e d  s h e l l s ;  c r y s t a l s  p r e ­
c i p i t a t e d  from these s o l u t i o n s  would mimic c a l c i t e  formed 
through r e c r y s t a l  1 1 2 a 1 1 o n - 1 nvers i on  processes because they  
would c o n t a i n  the a f orement i oned I m p u r i t i e s  (Purdy,  19 68 ) .
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I am 1n f u l l  accord wi t h  Tebbut t  ( 1 9 6 8 ) ,  who concludes t h a t  
the o r i g i n a l  s h e l l  s t r u c t u r e  c o n t r o l s  to a l a r g e  degree the 
c r y s t a l  shapes and d i s t r i b u t i o n s ,  types of  c r y s t a l  boun­
d a r i e s ,  and occur rence  of  e n f a c i a l  j u n c t i o n s  in r e c r y s t a l -
I I  zed s h e l 1 f a b r i c s .
A f e a t u r e  useful  1n i d e n t i f y i n g  a b i o c l a s t  r e c r y s ­
t a l l i z e d  1 s an I r r e g u l a r  l i n e  of  c r y s t a l  j u n c t u r e s  which 
extends down the l o n g i t u d i n a l  c e n t e r  of  b i o c l a s t .  This  
c e n t r a l  j u n c t i o n  appears 1 n s h e l l s  w i t h  and w i t h o u t  r e l i c t  
s t r u c t u r e  (F1g.  D l ,  E, F) and 1n some I n s t a n c e s ,  s t a i n i n g  
r e v e a l s  an I r o n  zona t l on  towards the c e n t e r  of  a mol lusk  
f ragment .  Fr iedman (1964)  suggests a m l c r o s o l u t l o n -  
m1 cr odepos 1 t 1 on process f o r  e f f e c t i n g  a r a g o n i t e  I nv e r s i o n  
to c a l d t e .  Purdy ( 1 9 6 8 ,  p. 199)  s t a t e s ,  when r e f e r r i n g  
to t h r e e  photographs,  t h a t  "wi th  r e s p e c t  to c o r a l s  where 
1 t  is e v i d e n t  t h a t  the volume f o r  volume replacement  of  
a r a g o n i t e  by low Mg. c a l d t e  1s e f f e c t e d  along a very I r ­
r e g u l a r  l i n e  t h a t  presumably c o n s t i t u t e s  a mi crovoid  on 
one s i de  o f  which a r a g o n i t e  Is being d i s s o l v e d  and on the 
o t h e r  s i de  of  which c a l c i t e  1s being p r e c i p i t a t e d . "  I see 
no reason why t h i s  sta tement  cannot  be e q u a l l y  a p p l i e d  to 
I n v e r s i o n  of  a r a g o n l t l c  mo l l usk s .  The I r r e g u l a r  l i n e  seen 
1 n many I n v e r t e d  b l o c l a s t s  1 s thought  to be a f o s s i l  c u l m i ­
n a t i ng  mi c r ovo i d  t h a t  formed when I n v e r t e d  c r y s t a l s ,  grow­
ing a t  a p p r o x i ma t e l y  equal  r a t e s  from e i t h e r  s ide of  the  
s h e l l ,  met a t  a c e n t r a l  s t a b i l i z a t i o n  f r o n t  ( F i g .  D l , E) .
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This commissure would not be seen: a)  when d i f f e r i n g  s h e l l
s t r u c t u r e s  occur red on e i t h e r  s ide of  the b i o c l a s t ;  b) i n  
t r a n s v e r s e  s e c t i o ns  o f  e l ong a t e  mol lusk f ragment s ;  c)  in  
s p h e r i c a l  or ne a r l y  s p h e r i c a l  g r a i n s ;  d) when i n v e r s i o n  
proceeded from onl y  one s i de  of  a f ragment *  and e) in t a n ­
g e n t i a l  c u t s .  C r y s t a l  s i z e  I nc r eases  toward the s h e l l  
c e n t e r  as a r e s u l t  o f  the gradual  e l i m i n a t i o n  of  many o r i ­
g i n a l  c a l c i t e  n u c l e a t l o n  s i t e s *  and cont inued s e l e c t i v e  
growth on others  ( F i g .  Dl , F ) .
*
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D4. R e c r y s t a l l i z e d  Cements
The only  r e a l  di lemma coped wi t h  1n the accumulat ion  
o f  cement data  and I t s  subsequent  a n a l y s i s ,  was the task of  
d i f f e r e n t i a t i n g  cement f a b r i c s  from ma t r i x  r e c r y s t a l l i z a ­
t i o n  f a b r i c s .  This  problem has perp l exed carbonate  pe t r o g -  
raphers f o r  ages,  but  c r i t e r i a  developed by Ba t hu r s t  ( 19 58 ,  
1964)  and Folk ( 1965 )  have l e n t  to I t s  r e s o l u t i o n .  The 
enigma 1n the Cow Creek,  however ,  I s  not  onl y  one of  de­
c i p h e r i n g  r e c r y s t a l 1 1  zed m a t r i x  from cement ,  per  s e , but  
one of  d e l i n e a t i n g  r e c r y s t a l l 1 zed m a t r i x  from r e c r y s t a 1 - 
11 zed cement .  O f t t l m e s  t h i s  1s I mp o s s i b l e ,  p a r t i c u l a r l y  
1n samples from the lagoonal  sequence.  Here ,  the r e c r y s ­
t a l l i z e d  1 n t e r g r a n u 1 ar  m a t e r i a l s  a r e  recorded under cement  
headings but  a r e  coded ?NPE, ?NPE0, ?NPEOm, and ?NB0, to 
I n d i c a t e  the u n c e r t a i n t y  I n v o l v e d ,  r a t h e r  than being 
lumped i n t o  p u r i s t i c  "N" c a t e g o r i e s .
Y e t ,  t h e r e  do e x i s t  equant  cements t h a t  have d e f i ­
n i t e l y  undergone r e c r y s t a l  11z a t l o n . These are most abun­
dant  1 n the upper o f f s h o r e - f o r e s h o r e  sequences and are  
recogni zed  on the basis  of  t h e i r  being 1 n o p t i c a l
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c o n t i n u i t y  w i t h  r e c r y s t a 11 1 zed mol lusk f ragments ( T i g .  Dl , 
G, H) ;  even though I n d i v i d u a l  c r y s t a l s  can have I r r e g u l a r  
boundar ies {F1g.  D2, A-C) they do e x i s t  s i de  by s ide w i t h  
" i d e a l , "  n o n - r e c r y s t a 11i zed  cements ( F i g .  Dl  , D ) .  The 
r a t i o s  EPE0/N1 and EPEO/Ni + I n d e t e r m i n a t e  and t h e i r  com­
ponents ( Tab l e  7,  cement d i s t r i b u t i o n s )  show t h a t  most r e ­
crys t a 1 1 1 z a t i o n  of  cement and g r a i ns  took p lace  a t  the top 
of  the beach.
Shinn ( 1969)  r e p o r t s  t h a t  In samples from the Pe r ­
s i an  G u l f ,  p r e v i o u s l y  r e c r y s t a 111 zed g r a i n s  become cemented 
wi t h  o p t i c a l l y  cont inuous cements;  1 n f a c t ,  the cement type  
1s c o n t r o l l e d  by I t s  s u b s t r a t e .  In the Cow Creek t h e r e  1s 
no evidence of  t h i s .  C o n t r a r l l y ,  r a r e  occur rences of  
r e l i c t  d r use ,  which 1 s surrounded by a cement which 1 s 1 n 
o p t i c a l  c o n t i n u i t y  w i t h  a r e c r y s t a l l i z e d  mol lusk f ragment  
(PEO; F1g.  D l - H ) ,  suggest  t h a t  g r a i n  r e c r y s t a l  11z a t l o n  took  
place not  b e f o r e ,  but  a f t e r ,  i n i t i a l  ce me nt a t i on .  U n f o r t u ­
n a t e l y ,  i n s u f f i c i e n t  data pr ec l udes  t h i s  from being the  
r u l e  r a t h e r  than the e x c e p t i o n .
Fi gur e  02.  Cow Creek p o t p o u r r i .
A-C.  R e c r y s t a l l i z e d  g r a i n s  and equant  cements,  some 
which are o p t i c a l l y  cont i nuous.  In A-B,  cements 
have l o a f y  form and s e r r a t e  edges,  whereas in C, 
cements have s t r a i g h t  edges and has more of  a 
"good" cement appearance.
F IG U R E
APPENDIX D
OTHER DI AGENETIC ASPECTS OF THE
COW CREEK LIMESTONE
D5. E q u i l i b r i u m  C a l c u l a t i o n s
CaCO + 2 + C03
- 2
3 c a l c i t e
_ [ C a ' 2 ] [ C0 3  2 ] _ 1 0 - 8 . 3 4
c a l c i t e  " -------------------- — —  “ 1 0
[CaC03 ]
because [CaCO^] = 1 f o r  pure c a l c i t e
However,  in (Ca gg^e 0 5 ) ^ 0 3 * assuming i deal  s o l u t i o n
lAP(Ca,  Fe)C0 3 = [Ca+ 2 ] [C03 ' 2 ] = [CaC03] x 1 0 ’ 8 ' 3 4
(CaC03 ] NCaC0 3
.95
t h e r e f o r e
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+ 2 +2To c a l c u l a t e  the r a t i o  of  c o n c e n t r a t i o n s  o f  Fe and Ca 
in aqueous s o l u t i o n s  f o r  (Ca ggfe 05^C83
[Ca+2] [CO ' 2] ,Ca+ 2  mCa+ 2  yCO. " 2  mCO. " 2
--------------------------- - J ---------- -------------------------------------------------------  —  = K
[CaCOj]  XCaC03  NCaC03  spc a 1 c i t e
« TO' 8 * 3 4
[ F e +2] [ C O / 2 ] yFe+ 2  mFe+ 2  yCO/ 2  mCO/ 2
[FeC03 ] s i d e r i t e  AFeCOjN FeCOj
= K = 1 0 " 1 0 * 5
sps i d e r i  t e
and combining these two
yCa + 2  mCa + 2  XCaC03  N CaC03  Kc a l c 1 t e
yFe + 2  mFe+ 2  '  XFeCOj N F .C0 3  Ks i d e r 1 t e
+ 2 + 2assuming yCa or  yFe In d i l u t e  aqueous s o l u t i o n s ,  the
+ 2 +2c o n c e n t r a t i o n  r a t i o  of  Ca and Fe f o r  (Ca g5 pe Q5 ^ 8 3
is obt a i ned  from:
.05 x 1 0 ‘ 1 0 * 5  x XFeC03  x mCa+ 2
mF + 2  = --------------------- a -34 --------------------------------------------
he .95 x 10 x XCaC03
10~U  , 8  mCa* 2  XFeCQa
10 ’ 8 - 3 6  ” XCaC03
- 10 ‘ 3 ' 4 4  mCa+Z x- 10 mCa x xmo3
mFe- 4  = 1 0 ~ 3 * 4  because ACaCO, * .95 and AFeCO, is
mCa J
assumed to approximate  u n i t y .
APPENDIX D 
D6 . D i a g e n e t i c  Code from Folk (1 965)
S um m ary of Code fa r A u tk ig e n u  C aU ttt
I. M ode of Form ation  
P: Passive Precipitation  
P: Norm al pore filling
Ps: Solution-lit)
I) :  Displacive P ierip ita tio n  
N : Neomorphism
N : a* a general term, or where exac t process 
unknown.
\ , :  Inversion from known aragonite.
N ,: Kecrystallizafion from known ra ln te .
N.»: 1 iegrading (also NY, N Y l.
N»: Origtnal fabric strained significantly .
N ,; Coalesrive (as opposed to porphyroid i. 
(the above may be combined, as Nnt,).
R: Replacement
I I .  Shape
E : F qu an t, axial ratio  <  I i ‘. f 
B: Bladed, axial ratio  I } :  I to 6 : 1 
F : Fibrous, axial ratio  > 6 : !
I I I .  C rysta l Size
Class I ,  2, .1, 1. S. ft, or 7
IV . Foundation
O ; O vergrowth, in optical continuity w ith nuc­
leus.
O: O rdinary  
0 „ :  M onorrystal
0 „ :  W idens outward front nucleus 
C : Crust, physically oriented by nucleant sur­
face.
C: Ordinary
C»: W idens outward from nuc leus 
S: Spherulitic w ith  no obvious nucleus (fibrous 
or bladed calcite only)
N o  Sym bol: randomly oriented, no obvious con­
trol by foundation
C ryitaJ S ite  State
S i« ,  mm Nam e Symbol
extrem ely coarsely crystalline  
KCxn 7
4 0  ----------------- -------
very coarsely crystalline 
VCxn 6
1 0     ------------------------
roars ?ly crystalline
Cxn 5
0 25      —
medium c ryst.tlline
M xn  4
I ) % 1 -------------------------- —-------- -------------------------------
finely c rystalline
Fxrt J
0 . 0 1 6   ----------
very finely c rystalline  
V Fxn
0 004 ----------------------------- -----------
aphanocrystallirte
Axn
0  0 0 1    —
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APPENDIX E 
MEASURED SECTIONS
BURNET COUNTY
BLANCO COUNTY
TRAVIS COUNTY
HAYS COUNTY
Figure El .  Location of measured sections
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Sect i on  1
Loc: Turkey Bend Road
. 8  ml $.  of  Hwy 1431
Poorly »tcl. angular pebbly cae qti-feld. us; festooned; fines u p ­
ward. Lower sharp scour contact.
'10"  Grew pu rp le ,  u r o o r ,  green d o l o e l t l c  or calcareous mudstones
w i th  1' bed of  cee pebbly f e I d . as et base. Above th le  mudstones 
ere grey w i th  reddish lo n e i  throughout .
t. 13' Covered; q t * pebbles ecet tered on slopes
3 ’ 6" Wh l t e - p l n k l s h  nodular  l l e o n l t l c  arenaceous, chalky d o lo m i t l c  l i n e  
a u d i t . ; s t y l o l l t l c  near base.
' ‘S' Ho l lusk  gre lnstonee c on ta in ing  pockets and sonee of whi t  c - p l n l t l i h  
arenaceous veined do l .  l i n e  mudstone. Lime gra lnstonea decrease 
upwards at expense of mudstones. Very I r r e g u l a r  bdlng and I r r e g u ­
la r  lower con tac t .
11 '6"  Cse arenaceous mol lush l i n e  g iw lnetonee.  Accret  I o n a ry .
10 k C ray leh -whI ts  f i n e . - c a e .  w e l l  rded. we l l  s td .  aren. mol luak g ra in -  
stone Somewhat f i n e r  m  middle than top and bottom. A c c re t lo n -  
ary th lck-maes 1 ve bedding. Lower contac t  sharp. Ho festoons 
apparent .
10" As below in 3 '4 "  u n i t ,  except no lam ina t ions  are present .  
Burrowed In Upper p a r t .
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10’ Huff t« 1 c . d o l . t v f . - f l n s  q t l - d e t .  dul mid v « r j  aren.un'un
mulluek p i c k i t o i t u ;  laminated.  Nodular bde near base, nodules 
(burruwa?) In middle and Lap. N od u l t i  t ransect  l » » l n j l l a n t .  
s lu rp  lower con tac t .
J ‘ 9’ Bu f f ,  f i n e l y  i n n a c io u i i  
i n ;  in to  l . S ’ - 2 r i k  bad 
( l a m  | Gradat iona l  l o v n
m o 11 u s k packstoncs; 4 " - 6 " tk bils. weather- 
p i c k a g c i; undulatory bdlng, sume l u a m a -
contac t
’ 9" Grayish whi te c a n - f i n e ,  f i n e l y  i r c n i c c o u i ,  d o lo m i t l c  molluak pack- 
atonai can at  bottom and middle becoming f i n e r  and more arenaceous 
at top, Hoet ly  fragmented valvea (gaetropoda, oya tara ,  T r lg on la ,  
Cardlum { T >, Tutr i t a X 1Id a ) .  Maaalvn bedding, Lower contact  aharp 
a nd a ve n .
Grayiah brown a l l e y  oyater  do lomite  packatooe, 
but unbroken. Undulatory  lower con tac t .
valvea aeparated
|l 1 '
Yel lowish bu f f  a i l t y ,  mol luak do lomite  wackaatonaa and packstore* .  
Both whole and f ra g ,  valvaa preaenr.  In middle are cant molluak 
packetone lenaaa which con ta in  whole oyater va lvea .  Lower contact  
undula t o r y .
1 Buff a l l e y  mol luak do lomite  packatonea. Lower contact  hidden.
14 ' Covered
1 7 1 Slope of  ye l low le h  bu f f  a l l t  w i th  emai l  abundant oyater  fragments. 
Lower contact  apparen t ly  g ra d a t io n a l .  Upper contact  picked where 
y e l low ish  b u f f  c o lo r  enda on elope.
Cong., we l l  rded, poor ly  l t d ,  d o l . and q t l  pebbles and boulders 
up to 10" in  d l a . w i th  m a t r ix  o f ,  and interbedded w i th ,  mad.-cae.,  
angu la r ,  poor ly  atd.  do l .  q t z - f e l d .  n .  Cae to f i n e  gradat ions 
w i th  sharp contac ts  at the base of each u n i t .  Upper con tac t  h i d ­
den.
S e c t i o n  2
Loc: T r a v i s  Peak Sect i on
.3 ml S-SE of  Cemetery  
on road going S of  
Hensel  Ranch
COVER.LD
U h l t t ' i r i j r l a h  w h i t *  ca*.  grained aranacaoua l n - g t a t ;  Laaa i r i m -  
caoue than 7* u n i t ;  g ra d a t io n a l  lowar con tac t .
FInk-ya 11 owl ah rad vary aranacaoua a o l l u a k  la  g r a t .  and calc a * - ;  
nodular baddad w i th  r a l l c t  a c c ra t lo n  baddlng; nodulaa d i c r i n i  In 
■ l i t  upwarda. Probably a raaldua l a ( t  by Kacant laach lng.
Mb 1ta -g ra y la b  whl ta caa gralnad aranacaoua ao l luak  la  g ra t ;  
a a d . - t k  a c c ra t lo n  bada ; lowar contac t  aharp.
Craylah whl ta  c a e . - f l n a  aranacaoua a o l luak  la .  g r a t . - p k a t . ;  caaat 
at  tp ;  faatoon i b a d - -a a « I l  a t  top and bo t toa ,  la rgo In a l d d lo ;  
t h i n  p l a L y  l o c l l n a d  bada at  baae; nodular  at baae; g ra da t io na l  
1owar c on t a c t .
B u f f -w h i te  f i n e  g r . vary aranacaoua la  pkata and nad.-cae arena- 
caoua la  pka ta -g ra ta ;  f laggy  baddlng; nodular ;  g ra da t io na l  lowar 
c o n t a c t .
Whlta,  ya l low lah  buf f  f i n *  g r . very c a lc ,  ao l luak  bear ing q t i  *e. 
and f . g r . d e t r l t a l  d o l o a l t *  q t » adac. ,  Laalnated w i th  bad* 4 " - 6 '  
t k .  On* ln terbed of cae, ao l luak  bear ing q t i  aa. Lowar contac t  
aharp.
San* aa eubjacent u n i t  but con ta in *  abundant concave down ao l luak  
f ragaenta ;  p l a t y  baddlng near top.
B u f f ,  f i n *  g r . ,  vary c a lc ,  a o l lu a k  bear ing q t i  aa and aranaceou* 
la .  pka t ;  nodular bada 6 " - l ’ t k ;  carbonaceoua debr la  In lowar 1 ’ . 
Lowar con tac t  g ra da t io na l .
Cray aranacaoua a o l lu a  la .  p k a t . ;  aany whole va lve*  In lower 2* 
and at  top.  Becoaaa l o r *  aranacaoua upwarda. Bada are 1' tk  at 
baa* but t h i n  upwarda. Outcrop la laachad. Sharp lower con tac t .
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B u f f - g r a y  o y a t e r  d o l o a i t r  p k a t ;  v a l v e a  g e n e r a t e d  a n dc a v e  a i d e  d o w n .  s e p a r a t e d  a n d  a o i t  a r e  c u n -
Graylsh buff allty oyater 
whole, separated valves, 
oriented shell fragments, 
middle, and one 3' tk bed 
and truncate tops of tine 
bedding planes.
dolomite pkata-wksts; some rones of 
Alternating zones of cse-flne current 
Thin l"-2" beds at base, b" beds In 
at top. Case zones grade to fine zones 
rones. Even to slightly undulatory
Ll-dk gray silty mollusk. dolomite mollusk I n . p k a t . ;  bioplasts are 
fragmented; nodular bedding; lower contact hidden.
Covered to below cop of Sycavore
S e c t i o n  3
Loc: Twin Creek ^ . 8  ml E
o f  S t u b b l e f i e l d  House
COVERED
Lt gray b racc la tad  d o l o n l t l c  1*. adat .  (palao<7> c a l l c h a ) '  aoaa 
brace la  claaca l l n o n i t a  a ta lnad ;  tk  l r r a g u l a r  bada. Lowar con­
ta c t  hlddaa. con
Crn, a l l e y  d o lo a l t a  adat ;  ona bad; lowar contact  aharp.
Wh 11 a-p Ink lah whl ta  aranacaoua d o l o n l t l c  la  adat ;  vary danaa- 
oodu lar .  Thla u n i t  and abova l y i n g  u n i t  occur at  a lowar la v a l  
than tha top of a c c ra t lo n  bada. Sharp lowar con tac t .
wn l ta-ya 11 owl ah gray aad.-caa pabbly ,  aranacaoua, n o l lu a k  In. 
g r a t . ;  lan lna tad  aad - tk  avan bada. Uppar pt  a l ta ra d  by palao- 
c a l l c h 1f l c a t  Io n ; aharp lowar con tac t .
Cray, tan,  bu f f  v .  f l n a - f l n e  v. calc ao l luak  baar lng q t i . aa. 
ln tarbdad w i th  aranacaoua (aol luak l a .  pkat .  In uppar p t .  Lowar 
p t .  la  laa lna tad  and contatna nodulaa which dacraaaa In f r i q u u c y  
upwarda; nodulaa 6M-1 '  t k  and lanao ld .  Uppar p t .  haa l r r a g u la r  
l a n t l c u l a r  ( faatoonad T) nodular  bada w i th  aona I n i t i a l  d ip .  
Sact lon coaraana upward. Lowar contac t  aharp.
L t .  gray v . f .  v. c a lc .  foaa. q t t  aa. w i th  ln tarbada of araaacaoua 
a o l lu a k  l a  pkat .  Th in ,  wavy l r r a g u l a r  bda l " - 2 "  t k .  Saaalngly 
aharp lowar contac t  plckad on changn In bdlng.
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L t .  gray d a l o a l t i c  a o l l u a k  la .  pkat ;  bo»« l a r n t  unbroken valves 
and tonaa of o r ie n te d  l u r  r 11 e 1 1 Ida ; tk-maasivc bdlni(. Lower 
contac t  aharp.
Grnlah gray oyater  d o lo a l t a  pketone; w h o l e  and broken valves 
(none in growth p o s i t i o n ) .  Sharp lower con tac t .
L t .  gry.  a l l t y  d o lo a l t a  packetone; soma whole va lvea ;  angu lar ,  
poor ly  sor ted b l o c la e ta ;  t h i n ,  I r r e g u la r  beds 3"-*" t k . ;  aharp 
1 owe r c o n t a c t .
L t .  gt'ay d o lo a l t a  I l e a  pka t . -d o 1 oel t e wkat; caest b lo c la s ta  and 
whole oyater  valvea in  a l d d le ;  one eaaalve bed; weathers b u f f ;  
aharp lower con tac t .
Gray I n te r c a la te d  c layatone and mol luak l ime p k a t . ;  wavy beds 
l " - 3 "  t k ;  Grada t iona l  lower con tac t .
Cray to g ray ish  brn.  c layatone w/ a few mol luaka; one aaaalv i  
homogeneous bed; lower contact  g ra da t io na l
Grayish brn.  foaa 111feroua a i l t a t o n e .
Covered down paat T/Sycemore.
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S e c t i o n  4
1o c : 1 . 5  ml W
Se ct i on  on Hwy
of  Turkey Bend 
1431
Maroon, rad, and green si Its t o m  - mudstone; poorly atd. 
angular, and. - cae. gr. faldapathic aa.; soma pabblaa; 
faatooa eroaa - bada; poorly axpoaad.
12 CCVSKXDi pabblaa on alopa.
6 *-7
1*1'
3*1'
5*
10'
Pebbly, v. aranacaoua aolluak liaa grainafcona; f. -tad. 
gr. at baaa, aad. - caa. gr. at top; S'-I1*' tk. accratlon 
bada; aharp lowar contact.
liaa packatona - grain- 
pabblaa and granulaa; 
r contact.
Buff - whlta, v, aranacaoua caa 
atona; aad. - caa. gr. qtc. ; s< 
faatoon croaa - bada; acourad 1
Whlta, calc, foaalllfaroua v.f. - f, gr. aa. containing 
abundant large. thick aolluak valves naar baaa; nodulaa at 
baaa up to 2' in dia.i no nodulaa in uppar 3'; can't dia- 
tinguiah individual bada.
Buff, calc., foaailifaroua (oyatar - aolluak) v.f. - f. gr. 
qts. aa.; nodular; aoaa nodulaa axa branched and alongata; 
1* tk. bada at baaa, platy - t*- bada at top; burrowed; 
aoaa depoeitional dip; aharp Imex contact.
aolluak line pack- 
- f. gr. qts as;
Grayish wh., aranacaoua (v.f. - f. gr.) 
atom; whole molluak valvaa.
Buff to yellow calc., foaailifaroua v.f. 
thin (3- - 6"), lrragular bada.
Buff, very arenaceous, poorly atd., molluak liaa packstone; 
f. - v.f. gx. qts. ad; whole oyatar valvea; beds 1* - I V  
tk.; aharp lower contact.
Crn. , silty, clayey ooloniita packatona; whole oyater valvea; 
sharp lower contact.
Mint green to tan silty, clayey dolomite wackestone and 
lie* packstone; noma molluak molds; massive bding.; homo­
geneous .
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2 3 ' COVERED
Buff - whit* f. - M d .  gr. n .  at baaa grading upward into 
6* ailtatona; no other aad. atructuraa notadi abundant oyatar 
valvaa at top.
Borad doloaiita pabblaa
Sycanora Congloaaxata » Qts (1W> and doloalta (80%) pub- 
bla - cobbla congloaarata with rad, clayoy, aad. - caa. 
angular md. matrix; paoblaa poorly atd. but wall rdad.; 
thick to .uaaalva gxadaa bada with aharp lowar contact*.
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10*
4*-4
6 *
3 '  3 "  
1 1 '
4'9"
1 *
1 * 4 -
4 '
2 * 6 “
5 * 6 “
2 *
1*1'
6 "
S e c t i o n  5
Loc:  B u r n e t  C o . ;  Hwy 1431,
1 .8  ml W o f  S e c t i o n  4 In
c r e e k  on S s i d e  o f  r o a d .
Maroon - rad auditont raottlad groan and yallow; larga, ii- 
ragular liaa audctona nodulaa; no obvious baddlng.
Whlta - gray, clayay, uanaoaoua, doloaitlc liaa aidstoM;
* nodular to baddad > nay ba atalnad with oolora of ovarlying 
audatona.
C O V th C T  H ID D B H
Whlta, pabbly, aranaaaoua caa. gr. aolluak liaa gralnatona; 
accratlon bada V  - 1* tk.» vary badly waatharod; aharp 
lowar ooataet.
Tallow - pink calc, foaailifaroua, (. aad. gr. aa.i nod­
ular (any bo a wuatharad rona> > aharp lowar contact.
Whlta - yullowlah buff, doloaitlc and calc., foaailifaroua, 
v.f. - f. gr. qta. aa.; nodular, aranaaaoua, liaa packatona 
throughout; anail aporadic nodulaa at baaa, thin, lrragular, 
lanticular raaiatant bada in alddla, and larga (2* in dia.) 
apbaroldal concrotiona at top; aaaaiva bad at baaa, but 
baddlng can't bo diaoarnad throughout raat of aaquancai 
aharp lowar contact.
Whlta, wad.-caa. gr. liaa gralnatona and aranacaoua(v.f. - f. 
1 1 0  packatona; robuot nolluak valvaa in l'.wnr 1 * and on up­
par aurfacar ona naaoiva bod ( 4 *  tk.) and ona tk. bad (1 *)j 
no aad. atructuraa oboarvadr aharp lowr contact.
Orylah grn., clayay, ailty doloalta wackaatona.
sryian grn.. cl&yay ailty, oyatar doloalta packatona; 
both whola and fragaantad tk. oyatar valvaa, aharp lowar 
contact.
Oray and buff oyatar - aolluak liaa packatona and doloalta 
wackaatona; currant orlantad bioclaata; vary lrragular thin 
baddlng; baddlng diaruptad naar baaa; aharp lowar contact.
Lt. gray, clayay, ailty, doloalta wackaatona - audatona; 
lrragular baddlngi burrowed?
Or nan and brown clayotooa; nonfoaailifaroua; can't dia- 
oarn any baddlng; foraa alopa; v. thin foaailifaroua ailt- 
atona in alddla.
Tan, oalc., ailtatonat no baddlng or aad. atructuraa 
can ba aaan.
C O VB R XD
S '  faring v.f. -f. 9* .
rrainantad; aharp lowar contact.
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o
5*
3“
C O VKREU
Lt. gray, tightly packed oyatar lime packatona; "oyatar
haah "
Buff - gray uolomitic ailtatona; scattered oyatar frag, 
in uppar J'; t,.inly baadad (2s tk.); graoational lowar 
contact.
Sycamore Conglomerate» drain supported dolomite - gt*. 
pebble - cobble conglomerate; gradea upward into pebbly 
aa. - ailtatona; pabblaa throughout are poorly atd, wall 
raed.; massive, homogeneoue bega.
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15 1
3 V
S e c t i o n  6
Loc: Burnet  Co . ,  Hwy 1431,
R«d muds ton* Hickory  Creek
hrkoalc - aubarKoaic aa.; angular, poorly P * : i t ' l v
(ma.-w. idad.l ca*. s». »t ba.* -TJI..U., to 1.11 Ly 
u p w a r d: maaaiv*. homoqanaous at ..as* over’atnoy
laminat*d - faatoon cro..-b*ds; thinly :*^«u 1:0 P -
lowar .com contact.
Maroon mudaton* mottlad and mtarbaddad with qraan mudaton.; 
11* *OW* lima mudaton* nodulaa: .lop* format; lowar contact cov-
arad.
COVSRXD
2 > Calc., poorly atd., mad. - ca*. gr. aubarkoaic **.t angular- 
aubrdad. gra. ; nodular.
✓
/
Rad, mad. - caa. gr. qtzoaa aa.; wall atd.; angular - rdad. 
gra.; isaiaiva and hamoganeoua.
1 '  C O V B K 1D
Whlta, papply, aranacaoua, wall atd., v. ca*. gx. molluak 
lima grainatona; aoma whola molluak valvaa; accratlon bad- 
d«d; aoma bada contain up to 25% wall rdad. qtc. pabblaa 
(2" - 3• In dla.) aharp lowar contact; badly woatharad.
" "  * Whlta - lt. gray pebbly, aranacaoua (qtz.-feld.) aad. gr.
4 i molluak lima grainatona and calc, aa.; larga acala faatoon
croaa-bada at top, but b*low thia ar* lrragular S' - 1* tk. 
bada; lamlnatad and bur row*d naar baa*; aharp lowar contact. 
,*-*'Tan to whita, calc., toaaxi oaaring, v.i, -r. gr. qtz. aa. ; 
larga, xobuat, molluak valvaa and lrragular. aranacaoua 
11m* packatona nodulaa In lo.i part; lamlnatad above thia; 
aharp Iowar contact.
^2 ’ Tan, calc, v.f. —f. gr. qtx. aa.; lamlnatad; no foaalla; 
aharp loai contact.
2 3 9
3*
-■ Buff to tan calc., foaailifaroua, v . f .  -  f .  gr. aa. to ailt- 
,' atona, ana inteibedded aranacaoua lima packatona; abundant 
4*2" currant orrantad, email high apirad gaetropoue; thin bada 
(1* tk.) at top and baaa; flaggy (3“ -4"), lrragular, 
lantlcular bada in middla, and lamlnatad and v. amall faa­
toon croaa-bada in uppar part; ahtrc lowar contact,
"Vhita, wall road,, wall atd., caa. lima grainatona,- larga 
molluak valvaa throughout; tk. lrragular bada (3/4* - l'tk.) 
at baaa; bada 3" - 4“ tk. at top; aranacaoua at top; grada­
tional lonmr contact.
Buff - whita, v. aranacaoua(v.f. - f. gr.) dol. molluak 
oyatar lima packatona; burrowau; larga, broken oyatar valve 
near baaa; aharp lowar contact; thick ( I V )  bada at top 
^^and 6" -9" tk. bade at baaa; aharp lowar contact.
Tan - grniah. urn. clayey, ailty, oyatar dolomite packatona; 
- »articulatad and broken valvea; aharp lowar contact.
Grniah brn. oyatar dolomita wackaatona - lima packatona; 
f .  - mad. gr.: aoma currant oriantaa valvea.
COVERED
Buff -tan aa.; f. -iaad. gr. in lower 4' grading to v.f. -f. 
gr. in uppar part; aparaa, fragmentad oyatar valvaa through­
out (ona thin oyatar haah bad in middle),- laminated through­
out; gradational lowar contact.
Sycana>re conglomerate i dolomite pebble - cobble conglomer­
ate with wad. - cae. gr. wall atd., wall rdad., qt* ad. 
matrix; pabblaa are wall rdad.. fairly wall atd., accretion 
bada; aharp lowar contact with faatoon croaa-bada compoaed 
of foaailifaroua, mad. gr., wall atd., rdad. qtr aa.
Loc:  B u r n e t  C o . ,  Hwy 1431;
.65 ml E o f  Camp Creek
Pebbly eubarkosic aa.; mad. - v.  cae. gr.; poorly atd., 
angular; pabblaa of qtz., chart, and dolomite; loMt contact 
covered; vary poorly a\poaed.
Hiroon - red and green mudstone; soma lima mudstone nodulaa; 
Mitharea and forms slope.
COVERED
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Whit*, mad. - v. c*«. i)i., v. arenaceous lime jrainatone; 
a few pebslea end molluak valves; accretion Lieu a up to l1 
thick; irregular uede at jJii with n p p l c i ; lower scour con­
tact.
. ^ ' duff, calc. - dol., v.f. yt. qti aa.; thin oeds with inter­
nal laminations near top; foaailifaroua (oyater frag.) 
in lower 1 1; gradational lower contact.
- “Wli Fte to duff arenaceous oyater - molluak lime packatona; 
v .  abunuant whole oyater valvea in lower 2 ‘;scatterad whole 
valves in upper part; maasive imb (21 tk.)at top and tk.
(11) bed at oase.
_ Oyater uolomite packstone; large disarticulated oyster valvea.
Buff, c m . - v. cae. slightly arenaceous and paooly, well 
atd., molluak line grainatona; accretion beds; laminated in 
upper 2 1; aoma faatoon crosa-beds.
White, v. arenaceous, well atd. molluak line grainatona;
-4 * cae., well rded, well atd., qts. and feld. gra.; large
faatoon croes-bed seta up to 2• thick; lower scour contact.
Buff, calc. - dol. v.f. gr. as; laminated.
"brain supported dolomite and chert pebble - granule cong- 
j, lomerate with matrix of cae. -v. caa, gr. angular and rded. 
qta. ad.; pebbles are well rded. - eubangular; lenticular 
bade; lower contact hidden.
Sycamore Conglomerate) pebbly matrix-supported eaely. 
crystalline dolomite; aeettered qts. chart, and dolomite 
pebbles; grades dwnward over 10* into massive, grain sup­
ported dolomite - qts. pebble conglomerate.
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S e c t i o n  8
Loc: Burnet  C o . .  Hwy 1431
.3 ml E o f  Camp Creek
Whits, ciolomitic gHtiopod-bauing llis wacktftOMi thin­
ly bedded; iowar contact hidden.
Whit* - lt. 9 ity nod. - c m .  gr., v. arenaceous aolluak 
1 1 m  grainatona; accratlon badai intarnally laminated; 
sharp lowar contact.
Buff, dolomitic - calc., foaailifaroua v.f. gr. aa.; abun­
dant molluak valvaa and gastropods; burrowad and nodular in 
middla and uppar part} aharp lowar contact.
Aranacaoua (v.f. - f. ;r.) molluak 11m  packatona; whola 
> and fragnmntad molluak and oyatar valvaa; thin wavy bada; 
sharp lowar contact.
Ct. gray v. aranacaoua, v. c m . oyatar lima grainatona; 
accratlon bada 1' - 2* thick; sharp lowar contact.
Mad.-c m . gr., calc., faldspathic - quartaoaa aa. ; 
aoma oyatar fragments; faatoon croaa-bada.
vary aranaoaoms, vary cm ., oyatar lima grainatona at top 
grading downward into v. cm ., granular, calc., foaailifar­
oua faldspathic - quartsoM as.; accretion bada; v, thinly 
baddad (l* tk.) at top; aharp lowar contact.
1*9* Vary coarse to granular faldspathic quartsoM as.; ona thick 
bad; aharp scour lowar contact.
Yellowish buff foaailifaroua, f. -mad. gr. as.; thick bads 
(1‘) with laminations; nodulaa at top; sharp ltnmr contact.
Sycamore Cong loam rata t pebbly (dol. -qta.) cMly. crystal­
line dolomite and grain «upported dolomite pebble - cobble 
conglomerate; upper aurrace is highly irregular and bored.
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S e c t i o n  9
Loc:  B u r n e t  C o . ,  Hwy 142
6 ml E o f  INT wi t h  Hwy 281.
Camp Creek
aidatoiu with 11m  wdttona nodulaa aad lenticular 
iidMikoalc aa, bodiaa.
nodulaa aranacaoua 11m  paokstoMa.
vary aranacaoua aolluak 11m  grainatonai f. - aad. gx. at 
baaa, aad. * can. gt. in alddla, and aad. gr. at topr 
highly laachad nodulaa aonaa in alddla; tk. to thin ac­
cratlon bada; aharp lowar contact.
pabbly. a. araaaoaoua. aad. - can. gr. oyatar liaa grainatona; 
aoaa larga oyacar valvaa at topr foatooa croaa-bada.
Araaaoaoua, doloaltlc oyatar liaa packatona at baaa; araa­
aoaoua (v.f. gr.) oyatar doloalta paekatoaa at topr whola oy­
atar aand Trigonla ? at baaa; thin wavy bada (3“ - 1* tk.)r 
aoaa initial dip/r aharp lowar contact.
Vary araaaoaoua caa. oyatar lina grainatona - packatona 
awl calc., f. - and. gr. wall rdad., pabbly faldapathic - 
quartaoaa aa.r bocad pabblaa and larga coral haada at baaar 
aoaa grainatona cObblaa (boaehiodi?) in uppar 3 *; pabblaa 
(qta., cht., dol., faId.,) arc uoat abunda/it in lowar 4*; 
faatoon croaa-bada but any bo accratlon bada at top» aharp 
lowar contact1
■bad - yollaw clayay ailtatonar lowar contact hiddan.
Syoaaora Congloaarata■ pabbly, tidy., caaly. eryatallina 
aucroaic do load t* and grain-aupportad doloadta pabbla - 
oobbla oonglOMaratar contact batwaan thaaa two can ba vor­
tical to horiaoatal, but no wall defined bada arc pcaoanti 
nay rapraaant palaooalicha > uppar aurfaoa (contact with 
■nMHttt) ia vary lrragular, pittad, and atainad rad, and 
on it aru bocad pabblaa, coral haada, oyataxa, and worn tubaa.
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S e c t i o n  10
Loc :  B u r n e t  C o . ,  Hwy 1431 on
c r e e k  J u s t  E o f  S m i t h w l c k
Cemetery on s o u t h  s i d e  o f  ro a d
laaatura pabbly, arkoiic - subarkoaic a s . ;  on l y  wear.harad  
uppar lurfto* axpoaad,
Rad and gxeen audatonas with acactarad vertical lima mudatona 
nodulaa (ca1icha).
COVKRHO
Aranacaoua, caa. - v .  caa. gr. lima grainatona; lrragular 
bada S • thick.
Yallowiah'brn. calc., sparaely foaailifaroua. f. gr. aa.; 
larga (2* dla.) apharoidal concrationa (lina packatona and 
calc, aa.) in lowar part and aaall concrationa at top; 
thick baddad at baaa; vary thin laainatad bada at top.
Buff calc., foaailifaroua v.f. - f. gr. aa.; burrnad in 
lowar 3'; v. aranacaoua liaa packatona nodulaa and lanaaa 
in upper part; lrragular bada V  - 1* tk. in loar part 
and v. thin platy bada (2" - 3" tk.) in uppar part; aoaa 
initial dipt aharp lowar contact.
Buff - whit* wall atd., rdad., aolluak liaa grainatona and 
v. aranacaoua poorly atd. liaa packatona; thick (1**‘) bada; 
abundant aalluak valvaa on uppar aurfaca; aharp lower contact.
Silty, clayay oyatar doloalta packatona; larga disarticu­
lated oyatar valvaa; aharp lwsi contact.
<kay, ailty clayatona at baaa grading upward into thin clay­
ay, ailty doloalta wackaatona and liaa packatona lanaaa.
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16’ COVERED
C>lc«t«ou(, ipiiMly foaailifaroua, f. qtc. (•.: homo- 
9 *imwi and maaaiva; thin ahala naar top.
COVERED; not ntora than 5' - fl* to Sycam»a Conqlocaarata.
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S e c t i o n  11
Loc: T r a v i s  Co. At  Haynie
F l a t  School about  5 ml E of  
Splcewood.
Silty, clayvy oyitar doloaiite picXiton* with l*rg* tk. 
■hallad oyater valvai.
Dolcwait* M c l n t t o M  lin* pack*ton*; pack*d with taolluak frag­
ment* and valve*r lower 4* ia vary thinly b*dd#d (S* -l^'tk.); 
upper 3* bedding ii obscured.
COVERED - Sycamore Cong, below lake level.
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Fabbly, W d .  - caa. aubarkoaic aa.r angular, poorly atd. g r i  
faatoon croaa-bada; lowar acour contactaj caa. to fina grad­
ation*.
CCVRRRD
2 ' Modular l i M
- CONTACT C W E  RAD
nudaton* - wackaatona.
ahit* - gryiah.whita alightly atanacaoua - pabbly MOlluak 
10*4* liaa grainatona; thin accratlon bade {6' - 8" tk. >j intar- 
nal lamination*; gradational lowar contact.
h*>a,3ir.a$
Aranaoaoua, mad. - caa. gr. molluak lima grainatona; aoma 
caa, ad. - granula tiia,Mil rdad. qta. gr*. t lanaa* of 
tk. aha H a d  molluak valva* throughout aoquancai fa*toon 
croaa-bada; individual bad* in croaa-bad sat* ara 1" - 2' 
tk.; croaa-bada aran't apparent naar baa*; gradational 
lowar contact.
Yallowish-buff calc., f. gr. aa.; v, aranaoaoua liaa pack- 
■tonaa intarbads in uppar 4 1; lima pack*ton* nodular son** 
and bada in lomt, isiddla, and top; bad* in uppar 4* ar* 
ixragular and S" - 7* thick; rast of aaction appaara masaiv* 
and homoganaoua; gradational lmtt contact.
vary aranaoaoua dolomitic oystar lima pack*ton*; poorly 
•td . t  aoam intarbada of calc., foaailifaroua as.; tk. 
(1* - 2') irragulax badding at top and bottom; thinly 
baddad (6“) in middla; abundant molluak valvaa at top; 
sharp lowar contact.
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S e c t i o n  12
Loc :  T r a v i s  C o . ;  Bur row p i t
a t  I n t e r s e c t i o n  o f  Hwy 71
and 2322;  on S s i d e  o f  r o a d .
covmu>
- v* c m .  gr. aolluak l i w  grainatonaj finaat at base* 
M i l  defined 1* - 2 ‘ tk. accretion bada, i m  of which ara 
in ta rnally lan in a tadi larga coral fragMats, oystara, and 
do Io n ite  pabblaa in upper ara t p a rt; sharp lowar contact r
White, slightly aranaoaoua, f.-aad. gr. lire grainatona - 
packstonar thin faatoon croaa-bada r gradational l*n*ar contact.
vary aranaoaoua (v.f. - f. gr.) nolluak liaa packstona 
and calc, foaallifaroua, v.f. gr. as.; v. thin - thin 
10*4* bada ( V  - 1*) in lowar 2S * r above this arc aranaoaoua liaa 
packstona nodulas and nodular bada which ara intarbaddad 
with calc. aa.j wavy, irregular bada at top.
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'■M ,
3 * 3 "
♦ • l' 
:*■
xallowiah tan calc. - dol. foaallifaroua. i/.f. -f. gr, 
mm. i  nodular in aiddla; burroadj vary thin bada at baaa t 
tkly. baddad at topi gradational lowar contact.
Lt. gray, v. aranaoaoua aolluak-oyatar liaa packaton*; 
poorly »td>i aoatly angular gxaina j hnanganaoua, aaaaiva 
bad (3' tk.) with thin bada (3" - 5"tk.) at topi aharp 
lowar contact.
Silty, Clayay, oyatar dolomlta packatona.
,«r
z
Buff - gray ailty, clayay, mad. - caa., poorly atd. oyatar 
doloaita wackaatona and doloaitic lima packatana; avanly 
baddad intarbada V  - 1' tk. i aoiaa bada ara diaruptad? 
lowar contact cowarad.
rOVSRXD
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S e c t i o n  13
Loc: Blanco Co. ;  Hwy 2766,  8 . 3  ml
E of  INT.  Hwy 281;  about  3 ml down 
ent r ance  road to F a l l s  on the 
Pedernales S t a t e  Park;  Arrowhead 
Creek .
Cray - whit* - tan, ■11ty to aranaoaoua dolonutic liaa aud- 
5'-7* a too* i nodular; abundant black or iron atainad braccia claata
of dol. 11m  audatona; ixrag. frteturaa; lowar contact covarad.
Lt. gray. v.f. - f. dolonitic, oatxacod* -oyatar liaa pack- 
aton*i thin irregular bada; lowar contact covarad.
Hhita, aad. - v. caa. gr. aolluak liaa grainatona; gradad 
froa a d .  - caa. upward; accration bada; aharp lowar contact.
White, f. - caa. gr. aolluak-oyatar 11m  grainatona - pack- 
f • atoaa; gradad fina to coaraa upward; faatoon croaa-bada;
lowar acour contact.
Orayiah whita calc., foaallifaroua, f. - aad. gr. aa. and 
aranaoaoua liaa packstona; lowar 5 V  ha a two thin intar- 
of v. aranaoaoua liaa packstona; uppar 4%'ia aainly 
11 * «*upo* ad (SDK) of f. - aad. gr. aranaoaoua liaa pack* tona-
aadalaa r aaaaiva, hoaoganaoua bad at baa*; 1* - 2 '  tk. 
bada in uppar 4'; aharp, undul'*** lowar contact.
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< !■
18 '
Greyish-whita, calc., fossrlifaroua. f .  med, q r . qti.
•harp lowar contact.
W r y  aranaoaoua, doloaltic, poorly atd., nolluak liaa 
pacxatona and wall atd. nolluak-oyatar liaa grainatona 
which ooatalna littla or no ad.t baddiag appaara to fed 
aaaaiva aad hoaogeanoua tbioturbatnd7)j thin lanaaa of laxga 
bivalves> lower contact covarad.
Silty oyatar dolonita packatona?» nonraalatanti covarad 
with travertine to aoat of aaction la obscured.
COVSMD
Vary a11ty, v. c a a .-gr. oyatar liaa packatona. 
a
Lt.gray. ailty, v. caa. gr. oyatar Ilia packatona.
Borad oyatar aneruatad, dolonita pabblaa at baaa of oyatar 
packed aad.-gr. aa.
Sycaaora Congloanrate t drain aupportad dolonita pabbla 
ccnglOMrata wrth caaly. crystalline dolonita aatxix; also 
• o w  pebbly, caaly crystalline dolonita.
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S e c t i o n  14
Loc:  B lanc o  C o . ;  Hwy 2766,
6 .8  ml E o f  INT.  Hwy 281;
H i l l e r  C re ek .
■m m  1 l u l a t M i i  poorly txpoMd pabbly aubarkooic u .
Mod. - V.CM. M l  look 1 1 M  g » l M  
aharp lowar o w U c t .
t o n  i •eciatioi b*4at
f -  7 gr. aolluak 1 1 m  gralutoM-paokatoMi faitooa t lawor C M U c t  ia aharp (loan) or gradatloMl.
Calcaraoua, foaaillfaroua, v.f. - f. gr. g u .  aa. aad araa- 
aoaoua 11m  pa oka to aa (?) apharoldal coacrntiona; aparaa 
oyatar valvaa throughout! larga curroot oclaatod convax-up 
valvaa aad gaatxopoda la lowar 3*|'f vary nodular throughout, 
aad aa. boddlag (lialioa) ara bant (oonpaetloaal) around 
nodulaa ; lowar contact piekod on appaaraaoa of aodulas.
f**'
Calcaraoua, foaaillfaroua, v.f. - f. gr. qta. aa.i a 
currant orlontad blvalvaai thinly baddad (I*- I'tk.Ji 
aharp lowar contact.
Aranaoaoua (v.f. - f. gr.) aolluak-oyatar 11m  packatonat 
two caa. to flna cyelaa with cm. gr. packatona and whola 
or oonvax-up orlontad bivalvaa at b n M  aad flnar packatona 
with fragMntad oyatar a at topi Maolva-tk. (2'-4' tk.) 
bada In lowar part aaparatad ay aeour contact frou tk (2') 
uppar bad; aharp l o m r  contact.
C O V B M O
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S e c t i o n  15
Loc:  B lanc o  C o . ;  Hwy 2766 ,
12 mi E o f  INT Hwy 281;  F l a t
C r e e k .
M d ,  h i m , aad v x m i  mdatsaaa with Um«s u d  Mdulaa 
af eiayvy liaa a d a t a a .
C C H K T  C C M M D
•lightly areas — —  aad. - o n . gr. aollusk liaa jt~1 n n » i  j 
12* aaarstloa bada r * l V  tk. with iatarMl laalaatioae t aharp 
laaar oeatact.
hreaaaeses, (. gr. aallaak liaa gralaatsoar oaa. gr. laaaaa 
at baaat aadalar weatherlag of irragalar bada la laaar parti 
festoae eraaa bada la eppar pertr thia platy | I M * )  bada 
thrsegboat.
hraaaoaaas, f. aad. gr. aallaak liaa peekataaa graiartaaai 
4* saaaa af paohad ayatar ralvaai faataaa eraaa bade aad wavy,
laatiealax, thia bada I* tk.t aharp laaar oaatact.
~ Calaaraaaa. faaailifaraas, v.f. - f. gr. as. with thia (la-
2* tk.) laaaaa af f. gr. liaa packsteasi laaaaa bava irrag- 
3*9” alar basaa aad flat tapsi as. bada ara tk. (1*) or platy
(3“-d“)i laaar oaatact is eatreasly flat aad bariaaatalt 
- - aatira aactiaa la paths lad by atraaa araalaa.
Calaaraaaa, feesill faroaa, v.f. - f. gs. as.r oyatar- 
palacypad valvaa thrawghaut, bat aaaa of dlaartioulatad 
(m s  artlaalatsd), aahbradad valvaa at base, aiddla, 
aad tap.
hraaaaa a w  (v.f. - f. gr.) dolaaitlc ayatar liaa paokatonai 
v. aia— ataM  la laaar parti who la aad frapaai tad oyatar 
valvaai tk. (l%*-2‘) badai gradatxaaal lover eoataet.
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I» W l » M » i l  yulloalah-bulf calc., aol. , toaailifaroua 
v.f. - f. gr. sa. aad doloa tic v. aranaoaoua liaa pacX- 
atoaa aaparatad by allty, oyatar dolonita packatoaa; bloclaata 
ra aa. aad liaa packatoaa ara caa. - v. caa. aad oyatar aol- 
aait* pactatoaa bada naataia largo uafragaaatad - fragaaatad 
ayatarai aa. - packatoaa bada ara avan, I'-JV tk., wharaaa 
ilalaalto packatoaa bada ara Irregular aad V - l *  tk.
§••13* COVBMD
10*
graaa - graaaiah-bra. dol., allty, aad. gr. ae.t uppar bada 
ara r * " ^  with oyatar fragaaatar aporadle thia la tar bada of 
clayay 1 1 m  packatoaa la laaar partt doles! ta pabblaa la 
loaar I V i  aa. la avaaly baddad (*■ tk.}.
W f
~ 7 &
ra coagloaaratai Matrlx-aupportad, 
eryatalllaa doloalta.
pobbly (qta. -dol.)
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S e c t i o n  16
Loc: Hays Co. ;  5 . 2  ml E of
F l a t  Creek on Hwy 2766.  then 
4 . 2  ml N. Deadmans Hole.
M d  BidatM* with 1 1 a  a d a t o a  nodules.
4 ._5 , nodular 11m  aidstone - wackestone containing cobbles of 
underlying grainatona; highly irregular development.
Slightly arenaceous, nod. - v .  css. lies greinstonsi se­
quence is finest at beset sons individual beds are graded 
20* cee. to fins or have internal laminations; accretion beds 
6*-2*i' tX. i base of accretion bada contains festoon cross­
beds i gradational lower contact.
Arenaceous (aed. gr.) cee. -v.cea. molluak grainatone- 
packstona; abundant broken, robust bivalves; Irregular 
1' tk. beds at base; festoon cross-beds in upper 4'i 
lower oootact gradational into nodular sa. balow.
Calcareous, foeeiliferous, f. - ead. gr. aa. grading 
upward into aranaoaoua end. gr. packstone-grainstone;
4 ,j, nodular and irregular nodular bedding; aoaa thin, 
platy bada (festoon cross-beds7); soma nsdules say 
be lima packatona; tk. broken palacypod valves throughout; 
lower contact covered.
3 '  COVKMD
vary aranaoaoua. oyatar linn packatona at baae and top i 
20* doloadtic t bedding obacurad by travertine; forma vertical 
cliff faoa.
Silty, ayatar doloadte packatona bada with large, unbroka 
4 ’3" oyatara aaparatad by dolonita uackeatone raid*tone; aharp 
lowar contact.
7*2-
irregularly intarbaddad solluak-oyetar liaa packatona 
atf allty. clayay oyatar doloadte audatone-wackeatona; 
V. thin (2“-3" tk.) to tk. <2* tk.) irregular bada» 
currant orlantad oyatarai l a a r  contact covarad.
£, COVSMD, but allty, oyatar liaa packatona and calc., foe- 
allifnroua (oyatara) aad. gr. aa. on alopa.
Borad pabblaa and claata of dolonita pabbla conglomerate.
Syoaaora conglonarata i Qrain-eupported dolonita pabbla cong- 
lonarata with dolonita aatrlx intarbaddad with lenticular 
caa. gr. poorly atd. aa.i poorly axpoaad.
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18 *
S e c t i o n  17
Loc: T r a v i s  Co. ;  a long S side
of  Hwy 1431 a t  T r a v i s  Peak post  
o f f i c e ;  Hensel  Ranch; Cow Creek
, .SlltitOM gradiag into clayay ailtatona and finally into 
thinly tnddad, luinatad ailty-clayay doloait*.
Rod and M i o o n  audatonaa nottlad graanr lanaaa and vartical 
nodulaa of lina imidatonas lanaoid bodiaa of faldapathic 
aubgraywackai caa. to fina gradationa within aa.t cut and 
fill contactaj faatoon cxoaa-badat aharp lowar contact.
(UM>, iraMOtoui, oaaiy. oiyiUllliw telonlu with highly 
iingulu, whit*, finely oryttalliM intattadit U n g w U i ,  
thick <2*) aad thia («“-«- tk.) beds; eons clay residue 
la aad batwaaa bedsi unit haada aad bows to follow tepo- 
oraphy developed oh underlying nodular unit (outarop desox.) 
white, arenaoeous, doloaltie liaa packatoaa waekaatoaa ; 
discrete nodulesj oalclte filled fractures; also soee sty- 
lolltas, ellckeaalldes; very Irregular - uidulatory lower 
contact i uppar baach surface la pock-earfeed aad potholed. 
(outcrop deecxiptloa)
Caa.-v.oaa. gr. liaa grainatona; secretion beds € “ - 2 * tk. ; 
sane bads are graded or laternally laminated; sequence is 
flaaat at its baas ; aharp lower contact.
Wed. css. gr. line gralaatona psckstnaat festoon cross- 
bads (outcrop).
Calcareous, foeslliferoue, f. - aad. gr. a*, with abundeat 
nodulest as. is aaaaiva (4* tk.) at baee, laminated in middle 
amd irregularly laminated <“wispy") in upper pert; nodulaa 
are arena oeous liaa packetone containing pellets and aagu- 
larmolluek fxsgMnts( nodules have diffuse contacts with ma­
trix; sharp lowar oontact.
Arenaoeous (v.f. - f. gr.; dol. oyster lima packatona; 
s o m  small disarticulated, unbroken molluak and bored oy­
ster fragments; burrowed; leas dolomitic upardt aharp Ic m i  
oontact.
Silty, clayey oyster dolomite packstona; large, unbroken, 
robust oyatar valves.
Buff - grayish tan - gray 11m  weeksstone and line peckstone 
and silty, clayey, dolomite weekestone mudstone; v. thin - 
thin bedding > angular oyster free, mollsuks, and
eehiaoida; dolOsd.be always contains snailer and lass bio- 
clasts; beds ara highly irregular; disturbed, and disrupted 
with dolomite apparently aquassad into more rigid, fractured 
limestone f bedding is thicker and 11asatone baconss more 
abundant upward at expense of dolonita; gradational ina t  
oontact.
Oray, clayay, iingultrly Italnatad, bunowad liltitoM 
and aa. with claystana in barbada in lowar 4*i aaetion gradaa 
Into raddiah hrn. clayatona; top oC clayatona ia gray and 
Intarbaddad with clayay dolonita waciastona.
Calcaraoua, foaaillfaroua (oyatar frag.) clayay, f. - and. 
gr. aa.t irragular lauinaa; burrowed? lanaa of llna packatona 
in nlddla» gradational lowar contact.
dray * graanlah-gray clayay ailtatona at baaa grading up­
ward to Clayay, v.f. gr. aa.i lamina* ara irragular axoapt 
at top * A a »  \hay ara avani b u i a a l .
C O M  L O U
Oray aad dk. gray audatona with angular oyatar fragnanta? 
burrowadr aharp lowar contact.
Taxturally inatur* aubgraywaoka fining upward into rvodula* 
(lino audatona) rad and groan nudatonaar raworkad pabblaa 
of lino nodulaa eonoantxatad at baaa. but acattaxad
throughout t aharp lowar oontact.
Maroon and graaalah-whita audatona with dol. liaa audatona 
nodulaa.
C O M  LOSS
Doloodtlc liaa wdatona nodulaa in rad to graan audatona 
and aad. caa. gr aubgraywacko.
Mad. - caa. gr. aubgraywackoi aaroon with graan mottling? 
thin allty, clayay aonaa? flnaa upwardi dol. liaa wdatona 
nodulaa at top t aharp lowar contact with rad widatona con­
taining liaa audatona nodulaa.
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S e c t i o n  18
Loc: T r a v i s  Co. ;  .3 mi N of
Hwy 962.  .5 mi E of  Pedernales  
R i v e r . Hami1 ton Pool .
lO'
szniah.-qray doloaitlc clayay, alltatoM aad sixty, clayay 
doloaita aidit w w  j thia lenticular, irragular 1* tar bada 
( 3 6 *  tk.)i irragular laminatioaa, burrowed; gradatiomal 
from ailtatone at baaa to dolomita at top.
■ad aad graaa wdatona with buff-white nodular bxacciatad 
clayay dol. liaa mad a tone at baaa.
3'
10 '
3* Oradad caa. to fine feldspathic quartaoaa aa 
7 C O M  L O W
10* Bod aad groan aidatoaw with acattarad irragular, clayay 
liaa ■idatoma nodulaa.
10** Mhita^uff dol. liaa ■udatctna waelcaatona [ nodular.
1 9 ■ Mad.-v.caa. gr., wall rdad, wall atd., Molluak liaa grainatonar
gr. qts. grs.
I 1 Nad.-caa. gr. molluak liaa grainatona; faatoon croaa-bada.
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C O M  U M »
F I m  - ooaraa «r*n«aaou« (v. f. - f, gr ad. j 1 1 m  pack- 
■tMM'^ralMtoai with ainot in tar bada of dolonitic, calc., 
foaaillfaroua, qtr. aa.j biOclaata neatly rdad., poorly 
atd. - wall atd.t aoattaradlarga aolluak valvaa, but coaoaa* 
tratad at baaa aad aiddla of aactioar tk, (l*i' -2Vth.) 
Irragular bada t cyclic oaa. to fiaa gradatloaa with caa. 
Mat* haviag aharp baaaat aoan burrowing j laainatioaar 
faatooa croaa-bada in aiddla1 aharp lowar contactt ba- 
ooana vary aranaoaoua upward.
Clayay, allty, oyatar d91oalta packatoaar larga dlaartl- 
culatad, unbrokan valvaa.
Oyatar-nolluak liaa packatoaa aad alaor thia intarbada of 
clayay, allty oyatar doloadta wackaatooa audatona t thia, 
foaaillfaroua audatona in aiddla t aoaa bloclaata la liaa- 
a t O M  ara rdad. and 11matoaa aouatiMa coataina larga oyatar 
valvaa1 achiooida, aarp. worn tubaa, alao praaant; 
irragular, v. thin-thin {1“-1' tk.) dlaruptad badat liua- 
atona pradoadnataa throughout axoapt w a r  top j gradational 
lowar contact.
Clayay, ailty, dolonita wackaatcma-nudatona and oyatar- 
nolluak liaa packatona1 vary irragular dlaruptad bada S '- 
1* tk.t liaa packatoaa appaara to havu boon dlaruptad by 
injactloo of dolonitat packatona Mkaa up SON of l<Mar 4*, 
wharaaa uppar 6 a ia 90% dolonita wackaatona audatona.
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Rad - r«Miih ben. - gray el ays ton* and ar*n*c*ou«, clayay 
alltatonai slltstona contain* oyatar fragnanta but clay- 
aton* doaa notj gradational within and alao gradational lowar 
contact.
Gray, clayay, caa. gr. allt*ton* wiht abundant oyatar 
5*7* fragaaatar lanaaa of aranaoaoua oyatar liaa packatona with 
angular, unatd. bioclaata? gradational lowar contact.
7* kaddiah brn. clayatona; hoaoganaoua; bacon*a allty at topi lowar gradational oontact.
Brown to gray, clayay, can. gr. alltatonai acattarad anall 
5, oyatar fragnantar lowar 3* contain* Irragular nodulaa of
pyxltic, aranaoaoua, oyatar liaa packatonai lowar gradation­
al contact.
Gradational aaquanoa t Rad - aaroon aottlad graanlah whita - 
whit* throughout; caa. gr. taxturally ianatur* aubgraywacko 
23* with doloadta pabblaa at baaa grading auccaaaivaly into fina 
• * . .  ady ailtatona, and audatona; mottling at top M y  b* 
duo to burrowing; borad dolonita pabbla* at top.
Rad nidaton* nottlad white-graanlah whita; alao thin aa. 
lanaaa.
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